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The gencral problem confronting the Camuittee cean be bro-
ken down into scveral subordinete problams, each of which
pay be attacked more or less independently of the others,
This intcrim report deals vith the mesent state of knowl -
edgo concerning onc such aspect: nemely, the ability of a
given material, such as carth or concrete, to withstand the
impact of a bamb, insofar as this ability is attributeble
to the locctlized propertics, such as strength or density,
of the material,

Part I deals with theories and data on the pcnetration of
an irert bamb into an unlimited decformatle solid or scmi-
solid material, Tho depth of penctration may be cxpeeted
to depoend upon

Q...properties of the bonb: weight W,
calibcr 4, shape

besestriking conditions: velocity Yo
angle of incidonce, yow

Cesopropertics of the target moterial:
strength  (such &s compressive
strength or hardness), density,
porosity.

Since the latter elcnents (c¢) arc ultimetely resporsible

frar the waciecteanna D +a *»n»&m&-: p=s A 0 S o oe

-t ey - ma meva w —p -~

Prietu LO Luse tue mvesngunon on r.nu ivndamental  cque-
tion of motion

2

W d'x
( g at2 *

In all tho theorics considered R nay bc taken es the pro-
duct @ ¢ £ of two factors, the first ¢ (x) depending on
the derth x of penetration already achieved, and the dher
f(v) on the velocity v of the projectile at that stage.
In the majority of the investigations found in the litera-
ture, this assunption is further spccialized (Sec 2) by
teking ¢ as a constant proportional to the cross-sectimal
area A of the bamb., The resistance mey then be written

R = Af(v),

v
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and the sectional resistance f(v) may be interprcted as
the enerzy necessary to displace unit volume of target ma-
teriel, by & projectilc moving with velocity v ; 1in the
units adopted in the report f(v) is measured in 1b/in2,
and one of the problcms encountered is that of identifying
£ with same significant stress parameter of the medium. It
is shown that such & resistance leads to a maximum depth of
penetration x; of the form

(2.4) | x = PEy),

where P = W/A is the sectional pressure of the bomb, and
F(v.) 1s & function of the striking velocity v, , which
can be obtained by integration from the sectional resis=-

tance f£(v) »

The principal sectional pressure formulee, associated with
the nemes of Euler, roncelet, and de Giorgi, are discussed
in the remeining varts of Sec 2. Fuler (Sec 2a) assumed
the resistarce to be a constant, whence

P 2
Yo .

2,A.g ’

(207) xl

much of the recent German work (Peres) on air reid protec-
tion is based upon the use of tlhis formulae, Values of the
strength rareameter f = p-, for various substences end from
various sources, are collected in Note 1 at the end of the
report; most of them are, however, quite useless, becaused
inadequate date or specification.

The second formula considered (Sec 2b) is based upon the
theory doveloped bty Poncelet, suprlemucnted by the admirable
expeririental program of the Letz Committec (1855)., Ponce=
let's assumptions nay be interpreted to mcan that the pro-
jectile nust not only supnly energy to disrupt the cohesion
of the material (as in the Zuler hypothesis), but also en-
ergy to romove the detritus froaa its pati; the resistance
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is then

R = A(a 4 b+ 5

where the "shatter strength" a is a measure of the co-
hesive force, corrssponding to Euler's coefficient M, and
the constant b appearing in the inertial temu is propor-

tional to the density w' of the terget naterial, The re-
sulting peretration formula is

2).

P b
(2.10) Y, = TEit%® (1 + o

The Piobert-korin-Didion values of a and b, for various
nedia, are given in the original and in English units 4n
Note 2, and the reletiop of b <2 the density of the me-
dium is discussed in Note 3, luch of the modern work on
penetration emrloys & special case of Foncelet's fortula,
due to ¥étry (1910), in vinich b/a is given o definite
numerical value, the same for all nedia; Pe’try's formula
has been transcribed here in the form

(2.13') ) T RPlog, (1 + v,2/215000 )

where the striking velocity Vo 1s in ft/sec. Values of

the parameter K_ y for various materials, are listed in
Note 4, :

The last of the sectiona} pressure formulae discussed in de-
tail is that of Nobile de Giorsi (Sec 3c)., Do Giorgi re-
duced scattered penectration data in accordance with the gen=
eral formula (2.4), and sumarized the resulting F(vo) in
tabular fom; his F-values, reduced to standard English
units, aro given in Note 5,

/
The sectional pressure formulae of Euler, Poncelet, Petry,
and de Giorgi, for concrete or similap media, -are compared

~~~~~~~~~

.




B

graphically in Plates I and II - in Plate I on adjusting
the strength paraneters to bring the curves into agree- =
ment at around v, = 900 ft/sec, and in Flate II with the 1
original paramester values, ThLe app'li’cution of the sec- 3
tional pressure formulae of Zuler, Petry and de Giorgi to ]
Aberdeen Proving Ground date on the penetrction of pro- R
jectiles and bombs into earth is given graphically 4n }
Plate IV, B

In Sec 3 situctions are considered in which the resistance o
encountered by the projectile may be expected to depend an

the depth x of penctration., The first of those, dis-

cussed in Sec 3a, is thc case of shullow penctration, in %
which the actual shape of the nose of the boawb may be ex-

pected to play a not inconsiderable role. The nost natu-

ral modification of the exprossion for the resistance,
traceable back to Morin (1836), lcads to the penetration
formula

(304) V(xl) - W F(vo) ’

where V(x,) is the actual voluie swept cut by the projec-
tile on penetrating to e depth x, , and F(v_) is the ve- -y
locity function vreviousiy introaucud; 1AlS IoSUL® 18 li= .
lustrated grephically in rlate I1I for the hyrothetionl case '
of a conical-nosed projectilo plercing & thin plate,

The sccond non-sectionnl pressurc thcory considercd is that

U VN R

of Vieser (193S), who profcsses to derive the ponctration .
formula .
Y. i
E 3 !
(3,10) x = s} |
l 2 a" i

fram known elastostatic rcsults, where Eo is the striking

iv




energy of the bamb eand @ is the compressive strength of

the target naterial. Althoush thero is little or no theo-

rctical or ampiricel justification for this formula, Vie-

ser's mony papers on the subjcct have hed considerable in-

fluence on recent German litercture on air raid protection,
and it has therefore becn thought dosirable to includo in
Soc 3b an account and an attcmpted interpretation of his

formula,

Part I concludcs with a brief discussion of thc devictions
from the thoorctical formula 4o be cxpoctcd becausc of ob-
lique incidence, yaw and the distortion of thec bomb case.

In Part IT ruzsture of the target, by spalling fraathe front
face or scabbing from the back face, is discussed, with
emphasis on the latter aspect. The formulae

3
(5.4) 8" = K, WB ,  (5.8) s,° = K Wy,

proposed by de Giorgi and by Heidinger, rcspectivsly, for
tho sccbbing depth sy causcd by a projeetilec of woight W
and veloeity v arc subjcetod to a eritical exxaination,

The forula

(5.7) ala = kK, Wyl

is proposed in tho report, as an clternative which soams
more pleusiblc on theorctical grounds. Dut it is to be
concludcd thet taere is et prosent insufficient data aveil-
able to cllow a reliable treatment of seabdbbing.

Part III is dovotcd to the question of perforction of a
torget of given matcrial and thicimeces © 3 in Sce 6 to
thoe casc in which seabdbing is incoasidernlle, perforation
boing cchioved by rure stop-by-step penetration, and in
Sec 7 to the case in which scabbing may play a nore impor-
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tant role. In the former, application is made to the prob-
lam of determining the "limit velocity"™ v, of the plate =~
i.6., the velocity just sufficient to cause perforation. The

formula

Ma_4d e% 8 )
$.8) v = 2 x S=e x (fn of =
( 1l v 2 nd d

is derived on the Foncelet hypothesis, and comrared with

various perforation foraulae., The penetration cycle 1is

discussed in Note 6, and the results illustrated graphi-

cally in Flate III. Sec 7 contains an exposition, follow=
ing N. de Giorgi, of a method by which the ca:bined effect
of penetration plus scabbing may be determined from the
separate penetretion and scabbing formulae,

The final FPart IV reviews briefly the conclusions whichmey
be dravn froam the investigetion, with particuler reference
to the dependence of penetretion on

8,..Weight and size of bamd
besestriking velocity

rhyeical nranartiee of tha

~
veooe

target,

(a) The deta available in the literature seem to ‘mrrant
the expectation that, for similer bambs, the depth of pen~
etration (2.4) is proportioral to the sectional pressure P

- of the bamb, with a coefficient F(v,) which depends on

the striking velocity - i.e.

P F(v,)

(204) xl
This implies a resistance

R = A f(v)

vi
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proportional to the cross-sectional area A of the bomb.

(b) Azain, the available data seem to warrant the expecta-
tion that the sectional resistance f(v) decrcases as the
velocity of the bamb deereases, It is considered signif-
icant that the cmpirical de Giorgi formula agrees closely
w:th a formula of the Poncelet type (Plate I), and it is
accordingly susgested that the assumption

(2.8)  fv) = & + b, Fv) = g log, (1+2vF)

be entertained as a working hypothesis,

(c) The need for a more edequate correlation of elements

entering into the penetration process with ascertainable

physical properties of the target material is stressed. A

theoretical argument favoring & ssctional resistance F(v)

of the form (2.8) is advanced.. In brief, it is argued that
the actual mechanism of resistence involves both the over=
caning of cohesion and the overcaning of the inertial re-
action of the resulting detritus; it is contecded that the
twn teyme a aAnd h vé enterine into f(v) above do, in
fuct, repressut thess twe clomentc, and it ia swnggeasted
that it may be profitable to determine to what extent they
alone may be able to account for the observed phenanena,
More specifically, and nore tentatively, it is suggested
that the formrer may be related to the hardness of the tar-
get material, and that the coefficient b in the 1latter
may be represented (as in exterior ballistics) as the den-
sity of the material, modified by a suitable "drag cooffi-
cient," Notes 7 and 8 report ballistic and hardness tests
which may be relevant to the determination of the "shatter

strength" a,

The roport concludes with a Glossary of symbols used, and a
Bibliography of the principal references consulted in its

preparation,
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INTRODUCTION

Reforc study can properly bc made of the combination of
meterials in & structure, it is essential to gein some
feirly clear concept of the forces to be resisted.  In the
problem under discussion, that of designing structurces to
resist the loads imposed by eerisl bombardment, it is im-
portent to rcelize that these loads arc dynemic end  of
megnitudes probably in excess of those deult with in such
efforts et dynemic structural dcsign es have heretofore
becn mede.

The first cfforts of thc Committec are, therefore, dirceted
to obtuining & cleurcr oonception of the forces which may
be imposecd on e structure by the felling end dctoneting
bonb and it is therefore netural thet the first studies
should be of & physico-engineering problem, to wit  "hhet
sizc, thickness and physicel properties of materiels will
be sufficient in the exposcd members to absorb the immedi-
ete (ffcets of impact end explosion?"

This question mey provisionally be enswered if solutions to
e number of scpurete problims cen be obteined.  Among the
rorc inmportent of these vould be

€...The resistunce offertd to penctru-
tion or rerforetion, insofur eos
this is due Lo the loculizcd prop-
crties of' the materivl, involved--
teg. the £bility of an  othcrwise
rigid sleb to withstrnd @& crushing
blow.

b..eThe resistence offercd to an uexplo-
sioén, detemet.d within or in +ihe
ncighborhoed of . given member, in-
sofur ns it is duc to the locrlized
properties of tte mctericls involved.

1

c...The recection of ¢ nember of given
sizc end mrterial, end  hoving o
given mcthod of support, to impret
or explosicn, insofler s this isut-
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f— tributeble to properties of the mum-
i L ber £s ¢ whole-- c.ge the ebility of
2. €& bcem or column to withstond the
in3 sudden streins incident to the locel
3 ) . rcsistunce offcred to impect tnd ex-
1'. . plosion.

The generel purpose of the present rcport is the discussion
of the theorcticel end expcrimentel results eveileble, ot
. the present timc, for the solution of the penetrction prob-
‘ lem listod under (&) cbove. It will, in perticuler, deel

; with thc penctretion into end perforation througk solid
T | (conercte, strel, wood) tnd semi-solid (ecrth,sand) bodies.
S K . Becruse meny of the penetrotion formulee found in the lit-
{ ercture crc beoced more or less directly upon r theorctieal
[ buckgreund, it is desireble to begin the study from £ theo-
i i reticel gtendpoint broed encugh to include the more  spe-
S cific lews which hrve been proposed. The rcletion of these
letter to the pgencrel theory will then be discussed, hand
in hend with the expcerimentsl and observitionel — evidence
. eveileble in the litercturce, or otherwi.c mede eveileble to
1 the Cummittec for this purpose. The roport presents t:ntae-

. tive conclusions bused upon the present exeminction of the
Subj cct.

- R

‘?O Frinceton, Few Jorsey . P. Robertson s
: L Lovember 4, 1 9 4 O
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PENETRATION
Introductory

It moy be tacitly assumed, for the present purposes, that
the maximum demolition of an objcctive will be realized if
the impuét energy of the bomb or projectile is totally used
up in penetration before the churge explodes; the stndy of

penetration may then be sepereted from that of explosion.

kven if suvsequent cvidence should indicate thet moximum
effects do not result from this sequence, nonec the less

the maximum penctration will be of interest.

It is to be oxpectcd that such maximum penctration of a
bomb into a solid or semi-solid btody will occur under the
folloving concditions:
8...Incidenece, nomal to surfece of
body
beeoAxis, tergent  te trejectory
CeosMotion, rectilinoer
d...Cesc undistertcd throurhout pen-
ctretion. —
The study of penetration under these conditiens, which are
thi. most unfavorsble from the standpoint of the dcefunder,
vill lced to criteriu of the most e¢xecting rcquircmunts for
design of shelters to resist poanctration. Since it mey,
howcver, te within the power of the defendcr to alter cer-

tein of the ebove conditions by uppropriunte design,  the

cffeet of deviuticns from ther will wlso be discussed.

AL R e SEEEECUIR SRR - R 1 . - - ®
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i W - PENETRATION
b } Introductory
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i ! . N It will be assumcd throughout Part I, in discussing dcpth
Ej: of maximum pcnetrotion, that the homogeneous target is %
n‘: k
i ] thick enough to bring the bomb to rest; the problem of per- ]

} —
E‘ ) foration, where the bomb brceks through the terget, will o
T i LI -
' ] T be discussed in Part III. ]
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PART 1

PENFTRATION
1. Gencrel Theory

l...Generel Theory of Fenctretions

The resistance R offercd by & body mey be expected to de-
pend on the depth of penctretion x  end on the velocity v
= dx/dt of thc bomb tt the moment t under consideretion,
es well &5 on certein peremeters charncteristic of the phy-
sictl structure of thc body (strength, density) cond of the
bomb itself (sizc, shepe). See Fig 1*. Th¢ ferce of grev-
ity mcy sefely b ignored es utterly insignificent in com-
parison with the resistarce R, «t least so long as  the
bomb is ectlurlly in motion; the equution of motion of the
bomb mey, undcr these conditions, be token ess

(1.1) _V!_dl L -R(x, V) ’

where W o is the weight of the bomb, g the surfeace accel-
cretion duc to gravity, end R some function of the veri-

ebles x end wvex,

Fow although R might bc some quitc pgenercl function of x
nd v, it is charrcteristic of the penetration  theories
here considered theot ir them the reletive velues of the re-
sistrnee offercd to bombs of verious velocitics v erc the
seme for ell penetretion depths x 5 i.e.  the resisternce-
veleeity curves corresponding to wny two depths ere, to
vithin ¢ multiplicutive foetor, the semce This meuns thet
the resistonce R(x, v) 1is to be trken es the product of &
furstion @ (x) depending only on x , end o function f(v)

depending only on v .

*70 simplify the process of cleur reproduction, crnd for purs
fescs of cusy refercnce, ll Eiguros eccompanying this re-
Fert will be fourd grouped on ptges ot the ¢nd, so rrringed
tntt they cen be opured cut end roud purallel vith the text.

ssfnrlish enrinecring units are rdopted os stonderd for this
report, rlthourh the corresponding Cortirentel units may oc-
cesiennlly bi used; confoming te militery prectico, ]
trd P oere mewsured in lb, x in ft, v iu ft/sec, the
culiber d of the projcviile in in, rnd g 5_3?Tz—ftfscca
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PART 1

PENETRATION
1, General Theory

: dav
2 § Since — - 9_1. E-Y- = v g-v- 3 and
at 4t ax dx

R = (x) ¢ £{v) , the equation of notion (l.1)
may now be written _

(1.2) -gv %—;’; = - @lx) £lv),

a form most suitable for {ntegration, On jntroducing the
two auxiliary functions

- ’ x vv
1l v dv
(1.3) $(x) = ﬁ(x) dx, F(v) & -é-v/'—f'Tv‘)‘,
1) 0
] °._ the intogral of eq (1.2) for a bomd known to strike the
\e eurfece x = O with the velocity Ve mey be writien
1.0 _
-
1) ) = W [F(vo) = F(v)] ;

from this the velocity Vv of the bowab at any depth x can
be comruted. I, in rarticuler, the target ic thiclt erouch
t> brins the bomdb to rest, then F(v) = 0 , end the preat-
o5t depth xy to vhich it will penctrate is given implic-
itly by

o

(105) § (xl) = W F(Vo) ]

It will be found couvenient, for uony purposzs, to represent
the reletion betwveon velocity end depth of penctration
graphically, Let the line 0L in Fig 2 rcpresent a  line
cxtending dnwerd from  the fuce of the target in the di-
ruction of mnotion, ard let distances X fram the face

8
. L towe oPI NS w0y -m.‘vMa‘nM
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PENETRATION

1. Gencra

bc measurcd elong it.  Take as ordinstes the velocity v of
thc bomt, mcesured elong OV; & point N a distence x
from OV end distarnce v from O0X then represints the
instuntencous stete of ¢ bomb whosc nose hus prunetrated to
e distance x into the target end vhich has, at the depth,
the velocity v. The point Ny represents the bomb strik-
ing the fece of the terget with velecity vy, and its  ve-
locity v &t any subscquent position x will be repre-
sented by € point F oon e curve Y, U W; whose coordi-
netes X, v osetisfy «q (1.4); the point Nj; at which this
curve intcrsects the ZX-axis, cssunming sufficicnt thickness
of target, then gives the dspth x)  at which the bemb comes
to rest.

If it is desired to know the timc¢ required for p:anetration
to depth x , eq (1.4) must be solved for v &s e func-
tion of x and the resulting cquation intcgrated, i.e.

X

' (1.v) v = 49, 6(x) ; t - /__d_".
dat | G(x)
~o

This quadruturc rcquires, in €11 out the simplest cascs,the
upplication of numcricel or griphicel metheds.

Furthcr propress in the study of penctretion cen be mede by
tither

#.oObtriring, from thcorcticel end
other corsidaerctions, v -orc def-
initc leyv for the rosistence _R,
end hunce for the functions
and } &ppeering in the pane-
tration fcrmulee.

b...Using the obscrvetiontl meteriel
on penetrition depth es e func-
tion of tner weight rd  striking
velocity of thnc bonb to detor-
mine thiese functions ¢npirieclly.

oth of thesc methods vill be i)lustreted in the followving
survey of prriiculur tucvories of penctiretior.

- v o o
b WP TSI (e v v - coeegw e - Y AR satem.  Nal o w ey v~ <l

e o Y >R g T X R i B2 & e 2 & .
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PART I '

PFHETRATION
2. Sectiontl Pressure ‘iheoriecs

l
1
1
!
3
+

2,..53cctione]l Fressure Theories. In Generels v

The mejority of ell thcoretSical or smmi-enpirical wttempts

to crrive vt a specific form for the penctretion formulce

(1.4), (1.5), for depths x lerge comparcd vith thecal- S
iber 4 of thc projcctile, are churacterized by the i
essumption that R(x, v) is {

t...Proportionel to the maximum cross-
sectionel eree of the bomb, i.e.

(2.1) A = 7 (4/2)° -

be..Indcpendent of the depth of pene-
tretion x.

i | D It is then pcrmissible to take -
] |
X (Z.Z) CP(X) s A, é (x) = Aix,
‘[} ) vhere 1 is v dimensionless constent which mey depend on T
tha skepe of the bomb «¢nd which mry, if desired, be eb- -

o

sorbed in the other fretor f(v) ; the sectiontl resist-
rrce ££%) 7’ dcperds ubove €ll on the physicel propertics of
the terget mrteriel, but mey in eddition be influenced by
the shepe of the bomb.  This sectionel resistence hes the
physiccl dimensicns of pressure end is meusured, in the
units tdopted s stindeord for this report, in lb/in2 -- or, }
ir: the corrcsponding Continentel system, in kg/em€.

The pcneral penctretion-velocity end moximun  penctretion
forrulre (1.4), (1.5) become under thesc essumptions

Za H r (v - v N
(2.3) x 1 [J( ok = )] :
(2.4) xl = _-: F(vo) 5

viere P is the secticnel pressuri of the bomb,i.c.

(€.9) P
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FRNETRATION
2. Sectional Pressurc Theorics

It is meusurcd, in the stendard units, in lb/ﬁnz. Thus,
in eny theory cherceterized by the two essumptions (e), (b)
cbove, the depth of penctretion of bombs of similer shape
i5 directly proportional to theo sectionel pressure P,
Such theorics will, thercfore, be referrcd to es sectional
pressure theorics; in them the weight end celiber of  the

bomb cnter into the penctretion formulac only in the combi-
netion P, clthough the form of thc bomb mey enter through
the form fector 1 or otherwise.

The graphicel representation discusscd in Sec 1 essumes herc
e perticulerly simplc form, for in the cese of a scctional
pressure theory, the velocity-distencc curve for eny strike-
ing veloecity cen be obteined from thet for any other by
sliding thc curve s ¢ whole elong the X-exis. A glence
at Fig 3 will illustrete this in & manner use¢ful in the
sequel, for on following the curve beck from sny naximum
pinetretion depth x)  the seme curve is obtcined in every
cese, exceot for its locetion elong the line 0X; recd from
this point of view, the curve is just thet representing the
relction {2.4) between striking veleoeity vy  end meximum
penetretion x3 , es shown in the inset, Fig 3.

The. morc important scctionel pressure theorivs found in the
litereture will be reviowed in the remeinder of this  sec-
ticn; ralevent dete will, for the moct purt, be rolcgeted
to the Notes ¢t the end of the report. An ettempt hes been
mtde to choose the notatien in such w wuy as to tvoid con-
fusion on conmpering the vwericus fornule~; this rcsults in
thi nultiplication of the number of symbols cmployed end,
in mtny crses, in ¢ deviction from thce originel notction.
For these reesons, o Gloss:ry of the symbols ¢mployed hes
buen tdded ¢t the end of the report.

2t...Robins-Fuler:

A theory vhich pliys wn importént role throughout the his-
tory of thc subject is thet in which the resistence R is
tcswncd to be prorortionul to thr muximum cross-scetional
tree A of the projectile end indepirndant of the velocity
v, rs well ¢s of the depth xo The relevent auxiliary
functions ere then given by (2.2) 1nd

£(v) '~r), const. , F(v) = v@

erC
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. PENETRATION
2. Scctionel Fressure Theorics

{ A _ on setting the form factor i = 1, the equation of motion
) (1.2) mey be written in the significunt form

1 W2
Ml (2.8) dE = -dV , where E = —v°, av = A dx
bl i rL . g

ere respectively the kinctic encrgy of the bomdb end the vol-
umc¢ of terpct meteriel displeced when the Dbonb moves en

o tdditionul distence dx into the terget -- ot eny stege in

E th¢ motion aftcr the bourrclet hes penetrated the surfece,

: ¢s in Pig 4. Tnls mcens that, negleeting the nose effect to

l: . be considered in Sce 3n below, the enerpy E  required for
[

4

penctretion is progportioncl to thc volume V displeced,ond
the constent of proporticrelity is interpretedble es the cn-
crpgy required to remove unit volume of target motcericl.»
3. The meximum penctretion x3  ¢nd the time t3 in which this
pinetretion tekes pleeu rre then

Nl .

. (2.7) X] = .2.?_. vo2 ’ ty = ._E_Vo
. l*€ HE

A bbiboate atdind

T sccond of thesc cfuntions mey be obteined by noting
thet the deccelaroction of the projectile is tihac constent
flﬂ/P, trd, hence, the time t] is the quotient vp/decel-
tretion.

L)
S

® -
(%

rerhegps the errliest quertitetive investigation of nenetro-
tior is thet recounted by Benjomin Robins ¢t

3 i FOBINS the end of his Mew rrinciples of CGurnery, pub-
'1 L]
1 *In the stendird units is still in lb/inz,for tlthough
) E is in ft-1b, the velumc V is in the rgthur ur.conven-
3 tiontl unit ft-in® insterd of %% or in A numbcer
of Cortinuntel writers, enonp thon O Speth end Y. Viescr, v/

heve cttermpted to meint:in r physicel distinction Dbetween
the units cr-kp/crd (nd  keg/en®.

-
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PART I

PENETRATION
2. Scetionnl Pressure Theorices

lished in London in 1742=x, In it, Robins stctes thet the
depth of penetrrtion of ¢ bcll into » sclid body is  ob-
scrved to be proportionsl to thc squere of its striking ve-
locity, tnd concludes therefrom thet the resistince is e
constent. This resvlt wes e¢leborcted by lLeonerd

FULER Fuler in ¢ note in his translrtion of Pobins!
7 treutise into Germmen, published in Berlin in
1745+%; sterting from the constrncy of the resistence, end
¢ ssuming its proportionclity to cross-section:l eres, Euler
deduces o formula for x3 which is fully equivelent to
(2.7) cbove. The dete given by Fulcr lead to the velues

Prelm = 22,000 1b/in? | Pecrth = 1900 1b/in?

for elm wood tnd earth, in quite good egreecment with more
riodern velucs.

This simplest theory recurs frequently in the litereture of
the subject; one of its most importint rcdiscoverics from
the present stendpoint is thet of W. Peres, pub-

PERES lished in the journecl Gasschutz und Luftschutz
in 1932.v%*  Percs computcs Lhe proportionality
fretor from published French end fmericen date on bombd pen-

#»1742.1 - by which is mernt the first item under the yeer
1742 in thc Ribliogrephy ¢t the end of the report. Poncelet
ir 1838.1, p. 80, cleims this distinction for his country-
ren the AbLE Cumus, on the besis of tn vccount “Sur 1l'cction
d'une brlle de mousquect qui peut percer un corps  solide
stns le mouvoir sensiblenint," Hist. rerd. sciences 1738,
Fp. 98-101; but clthourh Cemus docs rive en  eccount of the
verious fectors entering into the problem, including men-
tion of the resistence of the wood fibres, the results ere

quelitetive rether then quentitetive.
*#r1745.1, pp. 404 ff. of thc Collccted Vorks cdition,

---1932.1, Pp- 253-255,
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PART 1

FENETEATION
2. Scctional Fressure incorics

ctretion; rcduced to stenderd units, typicel velues of rA.
thus obteined are

P-certh = 2100 1b/in® Preonerete = 11,000-17,000 1b/in2

Velues given for concrete by Heidinger#, obteined in pert
from the work of Nobile dc¢ Giorpgi to be reviewed below, cre
higher, running from 14,000 1lb in® for poor or grcen cone
crecte to s high es 49, OOO 1b, in? for reinforced concrcte.
These ¢nd other dete on the huler penctretion  formule ere
collected in Note 1 et the end of the report.

E. Geilerxs calls this coefficientya the "shatter strength
(zertrummerungsfestigkeit) of the meteriel in the  ctsc of
friable substences; he bolieves it to be some frection of
the "crushing strength" (Zermelmingsfestigkeit), which he
reports Rosivel ©s finding to be sowc 1,400-28,000 (%) lb/in .
with &n wveruge eround 4,200 lb/nn . Galler clcims the
shetter strength hes noth1ng to do with the compressive
strength (Druckfestigkeit) of the substence, but  sugpcests

thet it mey be relited to Schubfestigkeit (punching strongth?).

Zb...Poncelc%:

The Robins-Zulcer formule is bescd on the essumption thrt
the work recquired to displece unit volume of terget nmateri-
el is indcpendent of the velocity of the bomb, es well  as
of its depth. But it muy be orgucd thet, es in the chse of
¢ projectile moving through cir, there showld be ¢n nddi-
tionel resistence depending on its velocity -- perheps, s
in the cuso of eir, proportiontl to thc squerc of the ve-
locity. 1In the interpretation developed more fully below,

*193b.2, p. 457.

*»]1937.2
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PENETRATION
2. Scctional Pressure Theories

the constant psrt cof the resistance would represent the
force requircd to overcome the cohesion of the target metee
rial, end the part depending on the velocity the force re-
quired to set the broken meteriel into motion.  Such e re-
sistence wes indeed postulatced by J. V. Poncelet in the

first cdition of his Cours d¢ méecnigue in-

FONCELET dustriclle, published In 1829.  3ince the

Tirst cdit.on of this work is not eveiluble
et thc moment of writing this report, und since thc tuthor
removed these considerctions from the sveileble sccond edi-
tions, the following ecccunt is based upon « non-methemeti-
cel discussion given by Poncelet in ¢ report on the exper-
imentel vork of two of his collengues G. Pilobert end A.
Morin, end upon othecr sources*,

Let the velocity dependent fector f(v) of R be taken
ts & <+ b vé , vhere the coefficients e end b «(re to
be considered es dcpending primerily on the target m:teriel,
t.1though the shepe of the projcctile mey conceivebly hive
en influctce on theme The euxilicry functions ¢ end ® cre
then given by eq (2.2), end from the ebove tnd ¢q (1.3)
it follows thet

(2.8) f(v) = e 4+ b v° , F(v) ".2_13. In (1 + .;vz i

&

(vhere ln stends for the ncturel logerithm to the bese
€ = 2.78....)¢ The depth of pcnetretion x et which the
velocity is reduced from v, to v is, by eq (2.3),

(2.9) x =

end by c¢q (2.4) the meximum penetretion cchicved by a
bomb of striking velocity vy is

etonceclet 1835.1, pp. $7-T¢; Didion-lMforin-Piobert 183s.1.
Sce ¢lso Didien 1l¥48.1, Sec. VII, «nd Crinz 1925.1,
Vol. I, pp. 457-45). The netetion edopted follows closely
that of Crenz' more rcedily eveilible Lehirbuch,

11
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2. Sectional Pressure Theories

: From eq (2.9), it cen be shown that the time t; required
’ to bring the bomb to rest is

’ . (2.11) tl = -—-—-—P——-—tan-l v ’b ‘ . _«...
' - ~ gi ng— ( o .E ) [ ] ) .

* ' The evelustion of the paremeters & e&nd b eppearing 1in
i ; this theory is due lergely to the experimentcl work of G.
!
l

.
Y
Y.

PIOBERT Fiobert, A. l'orin end Is. Didion, constituting )
Zoo=20 the so-called "Metz Committee," in which bells
3 Lgiéin vere snot into verious media, renging from deap
PIDIOE  4)ey tanrough verious woods to limcstone. The
¢opiricelly determined values of these puaramcters erc given
. beth in the originel units end in those stendurd for this
report, in Note 2+, It is of interest in the prescent con- ¢
necetion to remark that & greet meny of the reports en  Air
Leid Frotection which heve been published within the pest
rew y<trs, leen heevily on this century-cld work for date
] S cr. penetretion; thus, all penetretion dete given in  the
e Ye-erandur issued by the Instituticon of Civil lUngincers in e P
‘.?§> 1530¢» wrc cbtained from the work here under review, with )
the exception of eipht points -- end these  lstter ere
) trocesble to the 191! pepers of Mobile de Giorpi, to be re-
J viewed in the sequell

Y

Sy

- S

Recruse of the historiczl importence of the l'oncelet formu- 5
ln, and becsuse this theory sears to offer the most prome t
ising buckfround from which to begin  the study of penctra-
tion,the mechenism of penctretion to which it most nctural-

At e

U - e

. *from Didion 1844.1, pp. ¢41-244. Crenz 19eb.l, p. 459 rives
j ¢ fuirly complcto list.

*2]1039,3, pn. 42-43,
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1. PEIETPATION
2. Sectionel Fressure Theories

ly corrcsponds mey be herc claborated.*

¥ « %k ® X X X X

"I assume that the work done by tne bomb in moving & dis-
tance dx is expended in

t..sBreaking the bonds which arc re-
sponsible for the cohesion  of
solid or sai-solid meteriel,

b.«eSupplying the resulting detritus
with the kinetie energy reguired
to gct it out of the peth of the
bomb.

The first, I assume -- &s in the Puler theory -- to be pro-'
portionel to the volume dV = A dx of meterisl sffected,

- e e e e e e e e B L @ B D e e e e W e e e e Es ® e ® e =

*In ordcr to emphasize nevturalness of this interpretation,it
mey be pointed out thet the entire description of the mech-
enism here given was orrived et by the writer quitce inde-
pendently of its historicel roots, including thc hypothesis
thet for shellow prnctration, the resistence should be pro-
portionel to the smplitude of impression, #s developed more
fully in Sec 3r belows. At thet time, the only refcrence on
hend wes Cruns' Lehrbuch, corntedning o tedble of  velues of
& end b/r; with thC Interpretstion ebove in mind,the vele
ucs of 2b were exemindd end found to be in good egrecment
with the densities of thr matericls. In sonv ctses, the
rgreement wes so close, it wes suspceted thut the density
mty heve been introdvced ¢s & nert of the deta; a secrch of
the liternturc brotght to lirht the references to Poncelct
183b.1 cnd Yorin 1637.1, vwhich reverled thet the prosovr.ion-
e€lity of b to thc density P' -vt:s indccd contcmpleted it e
vericus times. But, rdlying on the explicit descripticn in
Didion 1d48.1, p. «38, of the minncr in which the coeffici-
cnts b/e  end subscquently b ocre to be obtrined, it ney
still bc belicvid thet tnis hypothesis wos mot rctuslly e 4
ployed; if this conclision proves to be velid, the good i
egreement obtrincd betueen b und {3' in rost cecses con- -—-1}

i

stitutes ¢ strong point in fuver of the «ntirc hypothesis.
The originel Flobcrt-!orin-Didior reductien (Mcmorirl d'er-
tillerie Ko 4) is still not eveileble to the Cormittce.

e e
.
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2. Sectioncl Pressurc |

vith u proportionelity frctor & which is indcpendent of
the velocity; this 'shotter strength' is  a cherccteristic
of the metericl, end is the subject of & more deteiled in-
vestigetion in Secs 3e end 8 below. Seccondly, if 4t be
assumcd that thc flow pattern of the crushed msteriel is
similer for diffcrent velocities v of the bomb (Sce Fig 5),
then the averege velocity v' imparted to this material is
some multiple w/} of v. The kinctic energy imparted
to thc debris dislodged during the displacement dx is then

w' v A dx/2g, where w' is the weight of unit vol-
ume of target matcrisl. The totel resistenco to the motion
is therefore to be teken us

R = A(a + yw v&/2g),

end on compering this with Poncelet's cquations, it is scen
thet

(2.12) b= Yy a1 ‘
2 g 2 \/{D
vhere p' is the density w'/g of the medium. It cen, &t
bcst, be hoped that the cmpiricel wvelues of b will be
found prorortionnl to %(53 with e fretor of propertionelity
y not too fer from unityr; for ¢ rough corperison, in
the ehsence of quantitative infermetion on the flow pettern,
it should suffice for this pvrpose to set %y = 1. The re-
sults of such ¢ comperison ere cxhibited in Yote 3,in which
L[3 is computed on the basis of avrilrble tnbles of  spe-
cific grevity of substences of the l:ind investiguted by the
Mtz Coamitteu; not only is the order of nmegnitude, in gen-
erel, correct, but elso the relttive values == end, in meny
cases, the wbsolute velucs == show ¢ surprising egrcement.
T return to this peint in the discussion of trmor p.rfore-
tion in Sec 6 below.

1Y/ will then correspond to the "dreg coufficient"  in-
troduced in exterier bullisties; cf. Mryes 1838.1, p. 412,
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PENETRATION
2. Scctioncl Pressure Thcories

1 do not belicve thet the procedure edopted by Poncelet and ’
pidion* for the determinction of the form of the penctra- '
tion cuvity is well-founded -- and, tcceording to Crunz, it

leads to results vhich cre in poor sgrecment with the ob- e
scrvectiors. This procrdure emounts to essuming thet the ;-' 1
volunc of thc creter dovm to sny depth x is proportionel Y
to the kinctic cnergy expended by the projectile in recch- v '
ing tais depth, thus reprusenting & retrect to the Fuler 1
hypothesis; it beurs o« resumblence, how:ver, to the inter-
pretuetion of Vicser's penetiation formula offered in Sec 3b
belew." HER

¥ * X ¥ ¥ X X X ¥

A modificction of the Ponceclet penetrotion formule, in ¢

form involving only onc pereneter, wis  proposed by Fétry e =

, in 1910, presunrbly t¢s the result of  reworking ’ AN

PEYIRY  of thc old und thc addition of new duta.  Pétry
¢xpressces the penctration deptn in the forme=

CCa M ha Wb aetaTo

0 2,13 o W o=
b4 S %, 5z fal' -'

_‘:) vhere fn(vo) is given in tobul:r form. For the purposes -
N of this report, it will be found more convenient to convert
it into the form

P S )

g ) (2.13!) !1 - P\ P 10{:10 (1 * \702/215,000) ’

follewing thc procidure of the hrndbook Civil Protsctioness

R PR~

«Didion 1¢48.1, p. c44; Crenz 1925.1, p. 463.

'*191001 » ppn 03-05'

) . »
F ! ~"1?}9.2, rpe 140-141; mention is mrde hire of the fect thrt

' . Petry's function f,{v) is in fuct 10 lomyy (14 50x10-0+v2)

; T, vhere v is meesured in n/sec.
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PENETRATION
2, Sectional Pressure Theories

the velocity v, in eq (2,13') 1is to be measured in
ft/sec. Values of K , corresponding to those given by
Pétry and subsequent investigators using his formula, are
given in N?te 4.

* ok ok ok ok ¥ * LI

The work of Poncelet and contemporaries has been made
the basis for developments by later writers; two such cuses ]
mey be briefly mentioned as of possible interest in the "4
present investigation. )

: 1

1- , In all of the above, it has been tacitly assumed that the
1 projectile suffers nc deformation on impact or during pen-
etration. T. Levi-Civita® attenpted to take such defor-
mation on impact into eccount by replacing the arca A by
the larger effective arec

- (2.14) A AR+ Kk v,

: . assunins that such deformation can be revresented by a lin-
Q ear function of v, » This additional factor could, if de-
o sired, be atsorbed in the shape fector 1 .

. H. Resal™* proposed a resistance law for viscous semi-solids
] consisting of the sun of a tcrm lincar in the velocity and ,
. a quadratic term vwhose coefficient cepcnds on the density ¢

i - in the nonncr described above; RS5xl found that, in order
to fit ccrtein of the data of Fiobert and liorin, the coef-
ficient corresponding to s in the prescnt trecatment must
1 . be of the order 1/7. Résalts procedure offers an appro -
priate modification of the earlicr French work for cases in
vhich cohesion may be expected tp give way to viscosity; in

-

i

-

a2

: L
'S A-‘--“.A_A_‘.;- 1__‘

*1906.1.

¥%1895.1.
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PENFTRATION
2. Scectionel Pressure¢ Theories

this connection, it mey be noted thut the decrcese in rele-
tive importencc of cohcesion in comperison with inertia for
scmi-solids is shown by the rise of the velue of b/a for
mesonry to 13 times this velue for a mixture of sond end
grevel.

2c...Yobile de Giorris

An important source of informetion on penetration, often
called upon in recent work on Air Reid Frotection, is to be
found in the scni-empirical investigations of the Austrien
Fobile de Giorgi». By essuning thet the resistance is in-
depcndent of depth end that, &s in eir, it is proportionul
to the cross-sectional aree of thc projcctile,de Giorgl de-
duces & gencrel penetrution formula cquivalent to the gen-
eral sectionel pressure formula (2.4) wabove. In order to
determine the function F(v), de Giorgi eschews the resist-
ance lews of Fuler, Pencelet and Ré€sal as only "simple an-
tlyticul forms for epproximete represcntetion" and procceds
e¢ipirical) . on the basis of penetretion dete runging from
saell er s up to 24 em nerters. He finds thet for groups
o' similer media (eo.p. certh, gravel, send), the form of
F(v) 1is the seme,end thot the penctretion formulee for the
varisus members of such & group cen, thercfore, be obtained
by repleeing F(v) by kF(v) , where the prreneter k
cherecterizes once particuler group mumber (e.ge k = 0.45
for broken stonc, k = 0.9 for dry secnd), end  F(v) is
the seme function of velocity for el) members of the group.
The punctration formule (2.4) ney then be written

(2.15) X, = Py Flvy) ,

*1911.], pp. 1003-1011, 1111-1123. For rn cxcellent summary,
in French, of the more relevent ospects of de Giorgi's work,
3¢C Meontigny 1936.3,
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2. Sectional Fressure Tnecrics

wvhere the factor i w&again depends on the shepe of the pro-
jectile. The two principel groups of medie considered by
de Giorgi ere (e) esrth, sand, gravel,cley, etc., and (m)
masonry, principally brick end concrete, end the velocity
functions Fe , F cheracterlzing these wwo groups ere
deduced from the dete end given in tebuler form. The
values of 1, k, Fo, end F_ obteined by de Giorgi
ere given, in the units edopted here, in Note O

The pcrnetration values celculeted from (2.15) should, ac-
cording to de¢ Giorgl, represent the cverege of & number of
shots. -Yc ccutions that, bucrusc of irnromogeneities in the
medium, rotetion of the shell,ete., the roximum tnd rminimum
penetretions obscrved mey, in the cuse of metcricls of tne
certh group, be 30% more or 256% less then the computed cve
erege, for striking velocitics in the renge 1000-1300 ft/scc.

No ettempt is mrde by de Giorgi to discuss the deperdcence
of reslstence on velocity implied by the tebulocted F o ovel-
uess It is, of course, possible to work backwerd from them
to find the resistonce; thus, for extmple, buctuse of the
epproximetely lineer cherceter of Fr, betwecen 650 vnd 1300
ft/scc, it follows immedietily thgt in this runee, the re-
sisttnce is epproximetcly preportiontl ~to the velocity of
the bomb. In this seme crtegory is the empiricel penetre-
tion formulc

(2010) Xl =) gP Vo

due to Zulesky=.

Other sectionrl pressure thoories ero to be found in t%g
litercture,cs for exemple,thiose of V. ve Wuiche* ¢nd of R(-
sel, mentioned cbove; they vre,for the most purt, nuinly of

1Qicted by Viescr 1934.2, p. 310,

**1dG3.1, 1st port.

Doa.
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PENETRATION
2. Sectionel Pressure Theories

R

historical interest, ond consist chicfly in e reworking of
the clder duta. In frct, a fairly thorough survey of the
eveilable sources mekcs it secem likely thet the three theo-
rics discussed in detcil in this s.etion represent the prin- :
civtl contributions to the zubject of puvnetretion in muter- 4 e
Tels other then crmor plite. This beiict is strengthened by I
the fect thrt mest of the recent reports cxemired cre besed A
tlnost entirely on one or more of these three lines; thus

the only penctrrtion formulee eonteined in A R P Hundbook ]
No 5% e£nd in the hondbool: Civil Protection*=» ®re, with one i
txception (Vieser), those of lonceict, Fétry, ond Peres, j
while, #¢s mentioned befeore, the only cnes given in the 1Ine- - 4
stitute of Civil Engircers' Memorendum ere roncelct tnd,vicn 4
Bezent, points from dc Giorgi. The siturtion in recent E
orench, Germen, Czech, rnd Hunpuricn reviews secnas to be
tbout the seme, with respect to sources of theories ond !
dete, £s in Englishess, )

® ¥ ¥ ¥x X w & R X

.
-—

*1939.1, Cch. 2.
#£19392,2, ch, 13.
s2+Thus in the revicws of Yentigny 19030.4; Brzint 1937.1

pPps 105-173; Vieser 1930.5, pp. 134-143; Heidineer 1920.2;
“ilote 1433.1, pp. 2u2-27Z; hrrosy 1957.4, 1937.5.




PART 1

. would probebly be found preferable in such o cuse to con-
sider the medium us compounded of hcmogencous leyers, in
ecch of vhich the sectionel pressurc formulee would be ep-
; pliceblc. The two cesses which will be considered in same
i § . deteil here ere

: PENETEATION
3. Depth LEffects R
. a : - _.;‘!
) . 3...Depth Effects: 4
pL Devietions from & scctionel pressure formule for penetre- r—
T s tion arc to be expected in eny casc in which the resistence j
A depends on the depth of penetration.. Thus, if the shetter
v strength viere found teo chengec with depth, such en éffoct,
ol enclogous to the barometer effect in exterior bellistics,
i would be expected; for practical purposes, however, it _
2]

. t..oThet in which thc lencth of the L
- : bomb is en epprecicblc frection
i of the penetretion depth, for then
y the ecturl shepc of the nose mey
. be expeetcd to plvy & morc com= -
F ‘ pliceted role thor cen be token =
| - into account by the introduction 0
I of o semi-cmpiriccl form frc-
! tor 1 .

po e

[ . be..Thet in which the shepe  of the
ﬁ ""G : ereter produced indientes thrt S
‘@ the volumc of mrterial crushcd i
. per unit length of prth increuses
! vith dcpth, rs should bc the cuse
vwhen lerge creters vrc¢ produced
) vhose cxternel redius increescs
ﬁ vith increcsing penetretion, or
vhen thcre is evidence of dcfor- -
metion of the bomb cusc.

{ 5
i The first of thesc effects mey be expected to be of im--

! portunce in detling with excecdingly rusistent targets, such

L . ts ermor, end the second when derling with ¢ substence, such

. es concrete, under circumstinces in vhich «  considerrble -
5 tnount of spelling occurs; the two thcorics discusscd below
{ . tuke these fuctors into rccount.

}
P B . dt..ol0s€ Effect. Verin

Thet the resistencc lew during the irnitiel stiges of pene-
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3. Depth Effects

tretion should depend upon the actual area on contact with
the target was recognized as long ago as 1835 by Arthur Mo-
rin, who included cereful experiments on this effect in
his classical observations on friction*. Morin's procedure
consisted in dropping & ball from various heights and meas-
uring the diamcter of the impression produced on the sur-
face of a bed of cley soil and of river sand; this work is
of considerable historical intercst in view of its close rc-
lationship to standard nardness tests, such as those of
Brinell and Shore, in use today. The suggestion was again
rede by Ne v. Wich#r in 1893, end yct again in 1936 Dby
Eeidinger#*», who carried out penctretion calculations for
a conical-nosed bomb &nd epplied them to the present prob-
lem of decipning protcction against acrial bombardment. 4nd
before these references were availaeble, it cccurred to the
vriter thet such en effect was to be expected, and that it
right pley en important role in the theory of ammor pene-
tretion. Aplihough it was not felt, at the time, that such
en effect would be of great significance for the  present
problem, a theory of it wes developed aleng the  following
lines in the hope thut on compering its predictions with
dete on ermor penetration, some understending of the mech-
tnism of penctration, in general, might be geined; the re-
sults of this and letcr comparisons are discussed in deteil
ir Sec b below,

Let 1t, therofeorc, be assumcd thet the resistence encoun-
tercd by the projectile is proportionsl to the wrea presen-
tcd to the medium, projeeted onte e plune perpendiculer to
the dircetion of motion; in thc cuse considered in this
Fert,this urca is cleerly the erce of thet part of the sur-

" e @ @ e = @ e e e e e wm w w W ® s e = - - . - e - e = - -

¢1825.1, Ch. III. VYorin, in turn, quctes en older source of

this hypothcsis -= the Ixwnen meritine of the Spuniurd don
Georges Juen, pudlishcd originelly in 1771 end in Franch
transletion in 1783,

*»1593.1,

ssviilo.g, P 3.

2l
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3

face disrupted up to the time under consideretior, and hes
most appropriately been called the amplitude of impres-
sior*, It may be noted thut the resistance would,indeed,

~be proporticnal to this erea if the medium exerted e con-

stant normsl pressure on that part of the projectile in
contsct vith it. During the first phsse of the moticn, be-
fore the bourrelet penetretes the surface, the anplitude of
impression A(x) when the nose is et depth x  increases
up to the reximun value A, eq (Z.1), end mainteins this
value throughout the remeinder of the motion =-- or until
the nose cmerges from the rear fece of the terget, es con-
siderea in Sec o below. Sec¢ Fig o, If d(x) dcnotes the
diametcr of the crosse-section of the projectile =&t dis-
tance x from the nosc, the amplitude of impression is

(3.1) A(x) fiT[d(x)/Z]z for 0 € x £ h

A :’.T[d/Z for h € x A

where h 1is the height of the ogive. The assumption upon
vhich this section is based is then that the resistance to

the motion is
(3.2) R(x, v) = A(x) f£(v) ;

the auxiliary functions are given by eq (1.3) end

X
(3:3) 9 - ax P - ﬁ(x) ax » o V(x)
0

vhcre V(x) is the volumc swept out by the projectile in
penctrating the target to depth -x , end is called by erin
the volume of impression.  The depth x  at  which the ve-

sfttributed by Porin 1u35.1, p. 709, to Georges Junn.
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locity is reduced from thc striking vclocity
and the maximum depth xj; sare then given by

d
o

to Y

(3.4) V(x) = W [F(vo) = F(vﬂ . V(x) = WR(v) ,

cf. eqs (1.4), (1.5) . The graphical representotion
of this rcsult becomes almost as simple as in the casc of
sectionel pressurc theorics if v be plotted against v,
instend of egainst x , for then the curves for diffirent
striking velocities are the samc,except for position elong
the V-axis.,

The cquetion of motion for this case can be  converted
into the form

(3.2') dE = -f(v) dv(x) , whcre E = W v .

.

this mey be interpreted to meen that the encrgy necessary v/

to displace unit volume of targct materiel by & projectile ;
of velocity v is given by the pressvre f(v) « It moy,
for some purposes, be of valuc to comperc the encrgy ectu-
elly absorbed by the terget with thet rcquired to push the
projectile slowly through it to a depth x3 . Thég_-formcr
is of coursc mercly the striking cnergy Eo ond the letter
is foV(xl), where £ is the limit approeched by f(v) es
v bceomes negligible; note thet fy is not the pressure
et zero velocity, for thet is z(ro -- or, strictly speeking,
is cquul to the sectional pressure W/A(x1) , & quentity
considered &s nepligible in comperison with the resistunce
throughout the motion. The retio

(3.5) n = £,V(x)) / B T, 4~ ef. (3.7) bclow

may be taken as e mensure of the cefficiency of the pene-
tretion process; it is equel to unity in cesc the coef--

| N
)
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3. Depth Rifects

ficient f(v) is indeperdent of velocity, ond less then
wunity if f£(v) is en incrcesing function of vclocity.

If the ebove comprrison with the pressure fo required to
push the bullet into thc target is wcll-founded, then it
should be possible to determine the velue of o for smell
velccities by ore or ctnother of the stendurd hardness
tests, provided they tre cpplicebie to the type of meterial
in quistion. Thus in the cise of ermor plate, this hypoth-
€sis would lerd to the expuctrtion thet f5 wvould be re-
leted to the Brinell nerdness coefficient H of the plete;
this reletionship should be, at leest to the first epproxi-
metion

(3.6) fo = 100 Hkg/em® w1422 E ib/in® |

for the Brinell herdncess coefficient is ¢ metsure of the
prcssure required, in kg/hma , to produce en impression of
o.steel bell on ¢ metnl surfuce. The possibility of em-
ploying ¢ similer method for detcrmining the shetter
strength of fricble metericls is discussed in Sec 8 below.

Returning to the penetretion problem, the velocity depend-
¢nce of resistence must rnext be discussed; it mey, in per-
ticuler, follow tny of the laws discussed in Scc 2. Thus
if it be ussumed independent of velocity, e simple meodifi-
crtion of the Fuler theory is obtrined which lc:ds to the
penetrution formulee

(3.7) V(x) « l(Eo-E); V(n) = Eo/'J.'
'&

This procedure hrs, in fret, been followed by Heidinger in
conputing the penetretion depths for o conicol-nosed bombs;
as tn illustretion of thc course of the resistence offered
on this hypothesis, the cemputitiens for such & coniccl-

------------------------------

*1926.2, pp. 4b0-46l; 1937.3, pp. 209-L74.
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nosed projectile are given in some detail in Note 6.,

The hypothesis which might be favored at the present time
is that the resistance follows sone law of the Poncelet
type; this proposal was advenced as early as 1836 by A. lio-

rin*, who announced that "the resistance is

~a...Proportionel to the area of a great
circle of the projectile, or to the
emplitude of the impression, and

bessA second factor consisting of two
terms, one a constant depending anily
on the cohesion of the medium, and
the other, due to the mobility of
its molecules, proportional to the
squarc of the velocity and to +the
density ol the nedium.%

Under this hypothesis, the velocity at depth x and the

maximum penetration x, are given by

2
Wlna+bvn

gb a + bve

(3.8) ¥(x) =3

and the time at which the nose is at depth x by the inte-

gral
x

(3.9) ¢ ax

-26bVix)/d
o -\/; -6 el (v,,2+ a/bv) -a/b

The course of the resistance end velocity curves for & con-

ical-nosed tullet are illustrated in lote 6.

*In a brief statcment attributed to him in the report 1836.1

on a prize esscy submitted by Didion, lkorin, and Piobert.
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The efficiency n , eq (3.5) , of the Poncelet process is

b
(B51) n o= o B (L4 2yt
bV,

317. eolrater Effect, Vieser:

A quasi-static theory of penetration into solid or semi-

solid bodies has been developed and ardently promoted by

the Austrian engineer W. Vieser in an cxtensive series of

articles appearing during the past five years*. This theo-

ry is based upon Boussenesq's solution of the staticel prob-
lem of determining the stress at any point in an isotropic,

semi-infinite solid body obeying Hooke's lew, due to a con-

centratcd load W. &t & point on its surface. According

to this solution, the stress at & point at depth x direct-

ly beneath the point of epplication of ths load is

(309) G‘X s —

Vieser now suproses thet the bomb will penstrete to that
depth x, et which this ¢ , = G, the conmpressive
strength“of the meterial, where W, is the equivelent stat-
ic load corresponding to @& bomb of weight W and striking
velocity v, + In order to evalrate this latter, Vieser
sets it equel to the average frrece Eo/x) required to stop
a bomb of striking emergy E, =W .v,“/2g in e distance
x; ; on spbstituting this value into eq (3.9), with G =
o’xl y @&nd solving for xy Vieﬂer finds, as the maximum

*The principal articles are 1935.3, 1936,5.
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depth to which such a bomb will penetrute

. " o ' ‘/ P .
- . 3 a
= (3.10) y = | 2F ~ |Eo_

! 290 20°

Similer results ere obteined for 1loose meterierl, such as .
send or rubdble, end expressed in terms of the general for- S
mula

. L
(3.11) x] = [Eg-l > ., o
w r

whcre OO is the compressive strength, end o is ¢ di- ,
rmensionless peremcter whosc velue verics frem  2/3  for el
loosc, cohesionless medic to 2 for clastic solids obcying PR
Hooke's lcw. .

Vieser's theory hes been severely, but justly, criticirzed
by Heidingere, on the ground thet the assumptions of cluss-
ictl eleasticity thcory rre emphoticelly not fulfilled in .
the cesc here of intercest, tnd wlthough Vicser his retorted e
most ccrinmoniously to this criticism, there cen be 1little ]
doudbt thet his derivation is totelly without  theorcticel

Y Justificetion, e¢nd, so fur £s cecn be scen from the evidence
et hend, the resulting penetretion formule is in  flegrent
discord with the frcts.

1
A

Nevertheloss, it is possible to errive ot ean interpreteotion bs. =
of Vieser's penetrition formule (3.11) elong the dyncmi- 1
cal lines follovcd in this report.  Fresumebly on Viescr's
theory t©ll mrtericl under ¢ stress grecter then the come-
pressive strength G° would be crushed by the impret end
subsequently blown out; hcence the volunc of nmatericl thus
uffected would be thet conteined within v surfice et points Loy
of vwhich thec resultont stress is just cquel to G (Fig 7 u). . !
_ But ir Boussencsqg's solution, thc stress patterns for dif- B
1 ferent locds W ore similar, ond henco the volume V(xj)

- e e W e e e e ® e e e e e e e e = - e - e e e e e = - o o

3 g . ‘193001; 1930-2, ppo 454-455.
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of mutericl removed in recching the finel depth x3 is pro- N
portiontl to x 3 . But on the modificrtion of the Huler b
theory considered in the first purt of the present scction, ¢
the depth of penetration implied by (3.7) egrees, in its
dependence on E, , with Viescr's result. More specifi- i
cally, if it were feound tnet penctretion resulted in  the i
creetion of & conical crater of constent sumi-ungle {3 y F 7
end thet the detritus from verious perts of the creter |
showed evidence of the srme degrec of crushing, thils eppli- ]
cetion of thc¢ FEuler formule would yield 5

Y, y !

3 . 3 3
(3.12) X] = 3Eo ~ |- Eo._ ; ]
—————— —— ’ ] 4

4T Htm‘ > ptanép
;- ; ~ this is seen fo be equivelent to Vieser's formule on set-
ting WG = '.stcnz M.

i ) by
:_ G LA B B R I I IR -4
h L oy
] . ) j
L
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4+4.0bligue Incidencc. Dcvirtions:

F ’ If the projectile or bomb strikes the surface at an eangle
: o of impoct @  other then 0€ , as in Fig 8, 1ts subsequent
R motion depends upon a great meny fectors; above all, on the

shepe of the nose, rotstion about its saxis, and upon the
nature of the suriece struck. 1In the first plece if, for a
. : given projectile, the cngle @ exceeds sone criticel vel-
) ue © ., the shell will pjcochet rether then penctrute;
eccording to the observetions of Nobile d¢ Giorgix, © . va-
ries from 809 for loose euarth o 400 = 00° for mnmeasonry
: or emor plete. This picochet anglc is influenced grect-
: ly by the shepc of the nose, &s well es by the nuture of
t the surfuce, und by rotation and yaw of the projectile; e
quelitative cccount of such influence is to be found in the
work of de Giorgi end in Cronesx,

Assuming thet-conditions ¢rc such that penetretion, rether
then ricocheting, cnsucs, therc ere two principel proce-
dures reccommended for celeuluting the depth of penctretion.
The first, followed by de Giorgl in compiting penctration
¢t oblique incidence or for puths which deviote from reeti-
lincerity, is simply to vpply the nomel rectilineecr theo-

ry to mersuremcent of distence elong the ectusl peoth, As-
. suming neo chenge of direction et impect, this world meen 1
‘ ] ’ thet depth of penctrotion xy3 would be computed from which- 2

ever formule is edopted by erl:cing X] by the lengtn

(4.1) £, = X2

cos @

.V‘W‘rf‘rrf.-
&

of the bore cersed by the projectile, s illustreted  in 3
Fig 9; devietions from rectilincirity would lcrd to ¢ =more 1
conpliceted reletionsnip, which would, however, re:dily be .
( obterined for cich prrticuler instrrce.  The sceond method,
{. uscd extensively in theories of ermor perforition, is to re-
\

3

»1911.1, pp. 1015-1016; reported elso  in Mentigny 1930.3,
pp. 397-349.

}
S «+1925.1, P 78, - 9
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PART 1

PENRTRATION

4. Oblique Incidence

pluce the striking velocity vy by its component
(4.2) Vo =V, cOs ©

normel to the surfreces But cccording to de Giorgi, ncither
of these methods cen be rclied wupon, e¢nd ke thercefore rec-
ommends the empirieel procedure of setting

(4.3) X3 = 9,1 (cos@)v

end considering V  es e new purrmcter which is elso to bo
evelueted from the dute.

Deformction of the sicll will clso bec expected to  reduce
penetretion. The proposel of Levi-Civity, to multiply the
meximum cross-sectionel uren by o fector depending linecrly
on the striking velocity end on thc physierl constitution
of both the shell und the target, has bcen mentiored in
Sece 2 cbove.  Althoupgh therc is no resson to believe thet
thc effective erea (2.14) cen even be feirly vell spprox-
imoted by such ¢ linerr function of vy, , ncvertheless, some
such semi-cumpiricel procedure might yleld setisfectory ree-
sults. ~

¥ ¥ ¥ 5 ¥ X & ¥ ¥
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PART 11

RUPTURE

Introductory

The account of penetration in rart I above assumes that it
proceeds gradually by chenging the stete of the target in
the immediate neighborhood of the projectile, as well as
that the target material i8 homogeneous and of sufficient
thickness to stop the projectile. 3But it is a wvell-known
fact that many substences, including concrete, mn&y be per-
forated or otherwise dameged by an impulsive action which
results in the formetion of cracks or even in the detach-
ment of large chunks of meterial. It is clear thet in such
cases, the energy required for the process must be trans-
mitted through the material to points at some distance from
the region directly ettacked. An account of penetration
would be incomplete if it did not inzlude some reference to

the phenomenon of scabbing or spalling, since this has, in

many cescs, been nace an integrel rert of pcnctration stud-
ies. It may be discussed here, with the proviso thet it
may bc found necessery to modify or revise the conclusions
now reached, on teking into eccount the elustie properties

of the turget as a whole.
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PART II

. RUFTURE
5. Scebbing

5...Scabbing, _‘J

Spelling occurs when reletively large masses of meterial SR
are broken off from the target. In ordinary engineering, e

[ therc has been little or no occasion to designate an effcct  ¥3
2 of this sort in tcrms of thc fece on which it occurs. In Bok
L s detling with problems of bombing, howcver, 1t is nccessary ]
!I : to distinguish between the seperation of meterial from the ~%

: surface facing the bomb and the scperction of meterial from
the surfoce ewey from the bomb. Accordingly, wheatcver the ;
etymological justificetion mey be, in this report we shall :f:;
follow the British terminology vhich uscs; :

- 3
!I - BesoSpalling -- to meen scperstion from d
the surface fecing the bomb,

’ b...Scabbing -- to mcan seperstion from
. ‘ ' the surfece evey from the point of a
impect of thc bomb. - o

The theory and possible effccts of these phencmene will be
discussed hcre vith emphesis on the cese in vhich scebbing
occcurs. 3pelling cen then be treated by the semc method, or _
in combinetion with thosc empleyed in Fert I -~ es, for ¢x- e

‘:i . emplc, in eppliceticn to creter formetion touched uron et —d
\ thc conclusion of Scc 3b.  The reeson for thus amphesizing —~u
. scebbing is thot it mey pley an importent role in drtermin-
ing the ¢bility of e projectilc to purforste ¢ protective
member,

Scebbing mey occur elmost as soon es the bomb hits the tar-
gct sleb, es in the position (&) in the rccompenving Fig 10 —
or tfter the bomd hes penctrited some distence, us in (b); ]
further, the plupg or sceb mry cven be ¢jueted from a region

which cxtends beck to the nosc of the bumb, s in (&) end ]
(b), or it muy be confined to r region ¢t some distince from

&3 thet directly in contict with-the bomb, ¢s in (¢). In cny

ces¢, there is ¢ tindency for the plug te scperete from the -
mein body of the terget elonp lines of dicgonel tonsicn end
hence, in tne mrteriels under discussion, to bc in the form
of ¢ right circuler conc of epex tngle Y0°. And cgein, in
eny crse, the ciergy requircd to overcome the  cohesive
forces must be geined (t the expense of the kinctic energy
of the borb,

—adk
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RUFTURE
5, Scabbing

The forces cffective in opposing scabbing are those oper-
ating along the sides of the cone, and it may be presumed
that the total force is strictly proportionul to the area
of this lettere If the height of the plu% be denoted by
s the lateral arca is proportional to s , and the total
force S involved et any stage in the process may be taken
as

(5.1) s = T g

where VvV is & measure of the relcvant stress. If the rup-
ture takes place during the time in which +the barb woves
through a distance Ax , and in this interval the velocity
of the bomb is reduced fram v to v, , then the cnergy
lost by the bomb should for sufficiently smell & x bde
equal to thet requirecd to separatc the plug, i.e.

AKX

(5.2) 'l"‘( v - vr2 ) = v/q-sz dx = U s°
g O

where U 1is the encrgy per unit area involved in the trans-
action. In particuler, thoe maximu thicikness s, which a
bomb of weight W and veloeity v will be able to breck
through is given by

Aax
Vo2 2
(5.3) 3 gv = Us; , whore U = 7 ax .
°

The treatment so far follows closcly that of Nobile de Gior-
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5. Scibbing

gi*, cnd setms to offer r justifieblc basis on vhich to
develop € method of calculeting the greatest scebbing depth,
in cosc the rerction on the bomb cen, indcecd, bc considercd
&s impulsive end not es duc to the grrducl accumulation of
energy in the sleb os might, for exemple, be the cuse in
which ¢ plug of type (c) werc ejected in consequencs of
bendirg of the slebs  But it is nov clcer just how to pro-
ceed in evelucting the integrsl U of the stress. In de
Giorgi's original treetment, it is essumed that the dis-
tance A x travelled by the bomb during the process is
proportional to the thickness s of the remaining pert
of the sleb, ond that the mewr value of ¥ is  independent
thereof; it then follows from eq (5.3) thet the limiting
thickness sj; is defined by

(5.4) 515 = K, Wv° ,

where the coefficient Ky depends only on the terget mete-
rial. The vslues of Ky given by de Giorgl are,reduced to
the unit ft-sec?/lb ,

for "very good brickwork" Kg = 74 x 1077 ,

for "well-curecd concrcte® Kg = 3.0 x 10-7 ;

cleerly here, es in part I, such quelitative definitions as
“"very good" must bc supplemented by quantitetive data.

Heldingcrs» criticizes dc Giorgi's trecatment on the ground
thot:

a.+.The manner in which the stress et-
teins its ultinatc value, and con-

'1911. 1' ppn 10\)7"1008.

.'193703, ppo 200"209-
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sequently the constent K, will
decpend on the form of the nose of
the bomb, end

bee.Although the derivetion is based
upon & dynemical foundetion,  the
cvaluation of the impulsive re=-
sistance is mede walong statical
lines.

In his opinion, eq (5.4) will lerd to too small velues of
53 for low vilocities, end to too large velues for high

velocities. licidinger proposes to teke the influence of
the time foctor into eccount by returning to the original
equetion of motion end - 1tegrating with respect to

t rether then x ;3 eqs (5.2), (5.3), ere then to be re-
plececd by

at At
(58:8) -Y: (v - V) = ‘/-;i’dt.sz n Ev = _/:rdt.sla .
B 3 o

o

licidinger now proposes to edopt vhet he calls the "simplest
essumption," thet the time intervel At in which the im-
pulsive cction tekes plrce be proportional to s 3 in con-
scquence of this essumption, he obtuined in plece of (5.4)
e formule of thc type

(5.0) ' 513 = KnWyv

for the maximum thickness which cen be broken through by &
bomb of weight W tnd veclocity v o The cocfficient Kp is
to dcpend on the shupe of the bomb &s well es on the target
metcrial; for o cylindricelebodied bomb with  nose fuze
dropped rcgeinst "high-quality" concrcto, Heidinger gives o
velue which becomes, in the stcnderd units,

Kn 1.7 x 107%  ft2-scc/1b .

Other “tlucs recommended by Heidinper erc to be found nt the
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RUFTURE

5. Sccbbing

end of Note 5.

the derivetions of both de Giorgi end Heidinger seem most
uncorvineing, end therefore en elternstive hypothesis is
proposcd for the evelurtion of meximum scebbing thickness.
It mey be e«ssumed thet the energy per unit crec U,cq (5.3)
required to ovircome the cohesive forces is independent of
the velocity of the proccss; this ussumption represents the
Txtension to the brecking point of ¢ situction which  does
hold within the vield point und for low retes of  streinex
Under this assumption, the meximum thickness sy is given by

(5.7) 52 = KW 7,

i.e. it is proportiontl to the squere root of the striking
ENErgy.

In order to represent the scebbing curve grephicelly, it is
convenient to let 0 O' be the peth of the bomb, vhere 0
is the point of emcrgence on the recr frece of the terpget,
tnd to meusure distences s from the brck of the tercet;
egein let the vdlocity v of the homb be mersured clong en
exis perpendiculuar to O 0!, ¢s illustreted in Fig 11. A
point N on this disgrem will thon represcnt  the stete of
¢ bomdb whosc vilocity is v cnd whosc nose is it distunce
s fron the revr fece. The reletion between s ond v
given oy onc of the scebbing formulec is then represented

»«This is known, howcver, to be¢ only spproximetely  correct
for metels, cven within the veloeity renge here under con-
sidc¢retior, end mey be only tpproximste for other metericnls.
Thus, ts reported by Mernjoine tnd ledri (tt the meeting of
the Ancricrn Socicty for Testihp Meteriels in Atlentic City
on June ¢4-28, 1940), the true tensile strnzth of  pure
copper ct room tempersture rises scne 22% over ¢ ringce  in
vhich the rete of struin is incretsed by ¢ factor of 109,
end this must, ir turn, heve somc ¢ffect on the cnergy re-
quircd for rupturc.
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6. Scebbing

graphically by the locus of points N whose velocity end
distence, s, are such thst, under the most unfavoreble con-
ditions to the structuvre, scaebbing will just ensue. Hence
points in the region S lying above this curve represent
states in which scebbing cen occur, the bomb then emerging
from the rear fece with e residual velocity. Points in the
region P Dbelow the curve represent stetes in which the
‘bomb lacks enough energy to cause scebbing; whether in such
e cesc scabbing can occur at & later stege of penetration
will depend uporn the reletive positions of the penetretion
end scabbing curves, as will be discussed in Sec 7 below.

In order to compute meximum thickness of scabbing for im-
rect ut engle @, de Giorgi simply replaces v by its
nomsal component v cos © -+ i.e. he assumes thet the com-
ponent of v perallel to the foce of the target has no ef-

fect on the phenomenon.

PARY 11
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PERFORATION
Introductory

In Part I, a study was madec of ‘the motion of a projectile
in & resisting medium, principelly solid or scmi-solid, in
which the rcsistance wes due to the ultimate strength eand
inertie of those perts of the mediwn in proximity toi the
projectile; this penctration process is & gradﬁal one, gove-
erncd by e diffcrential equetion. TFart II dealt, on the
other hand, with cases in which thc resistence wes due to
the trensmission of disruptive forces to morc distent re-
gions and, undcr the assumptions thore wdopted, could be
considered &s an impulsive process resulting in the breek-
ing off of & large muss of meterial within a relatively
saort time. Vow thc perforation of e piven sleb of materi-
2l by & bomb may tike plece in eccordence with  either or
both of thise mechanisms; the study of the menner in which

this may tueke place is the objcet of this Fart.
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PART II11

PERFORATION

6. Armor Perforation

6...Perforetion Without Rupture. Armor Yerforatiom:

Perforetion may be accomplished by'pure"penctration,without
scebbing; whether breek-througn occurs in this maenner or
not depends primarily on the nature of the terget metericl.
Such scems to be thc cese in meny cxperiments end observa-
tions on the perforation of light ermor plete, ond the de-
velopment in the present section will therefore be mede vith
this possible applicution in mind.  Suppose, then, - thut
the plete is of thicimess ¢ &nd that the resistence lew
is thet considered in Sec 3a, i.e. thet the energy lost by
the projectile in moving & distence dx is proportionel to
the. volume dV(x) displeccd, with e coefficient f{v) vhich
mey depend on the veloecity v. For penetretion depths
x £ e, the resistonce R is agein given by eq (3.2) o-
bove, end the velocity et this depth by the first of the
eqs (3.4). ©But for x> e, vhere the projectile hes el-
rcedy begun to emerge from the rcar face of the plste, 6s
in positions (b) end (c¢) in Fig 12, the smplitude of
impressior A(x) employed in Scc 3a must be repleced by
the projection of the part of the ogive actunlly confronted
by plate meteriel, end V(x) by the volumc of plate mete-
rial cctually displeced. This may rerdily be eccomplished
by replacing A(x), V(x) in thcse formulee by the  empli-
tudec tnd volume of the impression

(0.1) A(x, e) A(x) - n(x-¢),

Vix, ) & V(x) - V(x - ¢€) ;
whence
(6.2) R(x, v) = A(x, e) £(v) ,

V(x, ¢) = W [F(v;) - F(v)] .

These formulue (6.2) moy now be considered s nholding for
ell penctretion depths x , provided A(x-€), V(x-e) be de-
fined ¢s zero for negutive ergments x - €. As tn illuse
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6. Armor Fecrforation

trative example, the case of a conical-nosed projectile is
considered in some detail in Note 6,

The liniting thickness of plute which can just be complete-
ly rerforated by & projectile of striking velocity v, can
be obtained fraon the second of egs (6.2) by setting V?x, e)

_equal to the volune A7 (d/2)% e of the cylirdrical hole

punched in the plate and solving for e on setting v = 0,
whence

(6.3) gh= &%F(‘vo) , Wwhere m E V/g

is the wass of the prcjectile., Conversely, the "limit ve-
locity" v, for a plate of thickness e is obtainred by
solving (6.3) for v, ; it is scen that for a given tar-
get material the limi% velocity is, under the hypotheses
here adopted, & functicn of a2 e / m , and since for sin-
ilar projectiles of the same mean density the mees varies
as d3, it follows that for them the limit velocity is a
function of the ratio e/d.

For a more precise prediction of limit velocity, the depend-
ence of resistance on velocity and on the physical proper-
ties of the plate must be specified; the two possibilities
considered herc are those associsted with the names of Eu-
ler and of Poncclet in Sce 2 nbove, The fomer leeds to a
perforation fomula vhich may be expressed in eithir of the
two cquivalent forms

E - >,
(6.4) o - oo T d 0%
A '1— e, or vo - —2& E' 5

the first of these is, for & = 10,000 kc/cm2 [corres -
ponding undor the hyjothesis expressed by c¢q (3.6) to a
Brincll hardness coafficicnt H = 100,] tho cxact oxpros-
sion of a rough rule fomirly =wloycd by the Kruyp Worxks
for wrousht iron armor -- that "a projcctile will ponctrate
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6. Armor Perforction

cs meny decimeters &s is given by its sectionel energy mces-
urcd in meter-tonnes per squere centimeter.”s

It is well esteblished, however, that the limit velocity
for ermor plate incrceses with e ot & rate faster then
thet predicted by eq (6.4), &s witnessed by the clessicel
formulee of de Brettes, de Merre, Vieaver cond others*x, end
tbove £l1l by the more modern work of L. Thompson to be dis-
cussed below. Now such tn effect is to bc expected vhen-
cver f£(v) increeses vith velocity, for then F(v) will
show & slower incresse with velocity thin in the Euler cease.
This expectition is borne ocut on edopting the Poncelet hy-
pothesis

(0.8) f(v) = a+Y‘o‘v2, F(v) e _1 1n(l+av?),
2 ¥P'9

vhere <y is tgain some dimensionless prremeter  cnalogous

to the dreg coefficient for sir, ' is the (mess) density

of the terget metcricl, (md o = yP'/2e. The sccond of

€qs (6.2) cssumes, on multiplying it by X‘o', the simple

form

—— - ————— - St

(6.6) mond ot vo? = Xm'(x) ,
1 4 & ve

where =t (x) = P' V(x,c¢) 1is the ness of terget meteriel
displeced ot projectile penetration x . Herce on corplete
perforetion

(6.7) nln (1 + voz) s \(m' ’
. -

or v, = [( Q_Y“'/m, 1) /d.]i

sQuoted from N. v. Wuich 1893.1, <rd prert.

*##Sec de Giorgi 1912.1, pp. &U-21; Crenz 1945.1, pp.4v4-4ch.

4]

=




PART II1

r . : PERFORATION

- . t. Armor Penctration

where m' = fnT(d/Z)z € F' is the total mess displaced. On
replacing o€ by its velue, given under (6.5) above, the
limiting velocity mey bc written in the significant fomm

1 %
(6.8) vo o (He)s defgenty |
2 L m
m
where
(6.9) ?‘(z) z -\/(az-l)/z = 1+3 242 22 ..,
6

for small values of z .

The perforetion formule (v.8) docs show en increase with
e of the kind expected on the qualitetive arsument ad-
vanccd above, for m' increeses dircetly vwith ¢ o n
order to examine this dependernce morc closely, let Nd be
the "reduced length" of the projectile; i.c. the longth of
& cylinder of the same celiber d , density (@ wnd  totul
mass m as thc actuel projectiles, Thun

(6.10) YE' A2 ept | xg-' :

where X = YP./QP ; hence for similer projectiles  the
function [ appcarine in &q (6.6) should depend  only
on the retio e/d « Such & thcorrticel formuls has,in fuct,
becn obtained by L. Thonpesen and Feo Be Scott» by dimension-
el reasoning, end has been applicd by Thompsen to date ob-

#1927.1; sce also Thompson 1936.1, 1932.2 Hud thesc au-

thors essumed thet thec thickness e of the plete could en-
ter only throupgh the mass m' of terpct meteriel ejected,
they vould heve been led, us in the sbove, to & dependence
on m'/m instcad of on /d.
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tained at the U. S. Naval Proving Ground at Dahlgren, Va.;
for the case of normal incidence, Thompson's formula may be
written

) == L
(6.11) v = k_de=¥ TFe
m 2 d

Comparison with eq (6.8) suggests that

— 1 — —
b.12) k « (87, F(&) « T(XE) = 14+.X° . ....
(b.12) @7, F(& - T = 14X

provided Thompson's function F be nomalized to have the
velue 1 for e = Q.

1o test this hypothesis, the predicted velues of (4?3/2)%,
or & itself, end the initial slope %/4 of the F(e/d)
curve should be compered with those found empirically. It
Is rether difficult, for obvious reasons, t9 find modern
dats in the litcreturc with the aid of which these compari-
sons may be cerried out; viith the cxception of e comparison
with such of Thompson's seni-quentitetive data es heve becn
published, it is necessary to restrict this report to a com-
perison with older results.

The problem of detemining a satisfectcry cmpirical formula
for the perforation of ermor plate of wrought iron wes at-
tecked repeatedly between 1870 and 1884 by Martin do
Brettes, who finully ¢volved the formulas

(6.13) ™ « 0.073 e < 0.027 e2/4

- e @ e e e e e e w B D e @ ® @ S e @ w e M s @ ow @ > o=

*1884.1.
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for the sectional energy, in meter-tonnes per em? , nec- '
essary to penetrate a wrought iron plate of thickness e(cm)

by & projectile of caliber d(cm). This leeds to & limit- LI
ing velocity S

VO -
(6.14) V73

< b
23 d e () 4+0.185 e/d 4+ 4ees) .

1 SEh
(11 0.37 e/d)2 ]

- . end to a velue & = 7,300 kg/om? = 104,000 1b/in“. A sim-
ilar formula ettributed to Krupp* leads to a = 7,600 kg/cmd
end to & coefficient of e/d of 0.158 1in plece of de
Brettes' 0.185. 1In order to comperec these results with the .
theorctical prediction (6.12), one must know the - equiva- L
lent length A d of the projectiles used, &nd must  meke
some estimete of the cocfficient y ; it would seum sefe to
assume thet the projectiles and the tarret are of about the

3 " same density. An exsminction of some of the datr on  pro- |

1 = jectiles quoted by de Brettes indicates an equivalent length =

E N\ . of arcund 1.9 calibers, end it car be essumed  thet .

! : should not differ too grcetly if'rom unity. lnder these as- :

¢ : sumptions, the theorctical coefficiert of e/d in f tums ]

- ’ out to be 0.132 Y , us comprred with de Brettes! 0.185

I . and Krupp's 0.158. Further, the veluc of & is found to

F compere favorcbly with that vhich would be predictcd on the

hypothcsis concerning its connection with herdness advanced =
in Sec 3& aoove, for according to (3.6) , the .coefficient
! a, in kg/cm2 , which here rcpresents the resistance per
o unit area cncountered at negligible velocities, should be ' 1
- Jjust 100 times the Brinell herdness cocfficient H . Al- '
; though the writer cannot know the Brinell coefficlont of
the armor investigated by de Brettes, oun using the value AN
H = 85 found in the litersture for "purc iron,"ss the val-

T

L . eSce de Giorgi, 1912.1, p.21.

-
A

#+Given by F. G. C. betson in the October 1918 issuce of rroc.
Inst. :.ech. Inginecrs, p. 593.
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b. Armor Perforation

ue d,500 kg:/cm2 is obtained, for comperison with de Brettes!

7,300 end Xrupp's 7,600; this point will bear a closer ex-

emination then hes bcen possible to give it &t this time.

It is to be noted that, as should be expected,the values of

e on the Poncelet hypothesis ere lower taen the corres-

ponding velues of on tne Euler hypotnesis; this is .elso

illustroted in the exvmple vorked out in liote 6 at the end

of the report. Only a rough check cen be attempted vith
Tnompson's more recent obscrvetions on perforction of e¢mor
plate. The eccompanying Fig 13 represents ell the date give

en for normel incidence in Thompson's 1930 erticle, end cl-

though ncither the abscissu nor ordinate scale 1is given

there, it mey be recsoneble to assume thet the lines fram-

ing the bottom 1uft corncr of the figure are the F- ond
e-exes. Now from & pessing raark in Thompsont's 1832 erti-

ele, the writer feels Justified in essuming thet the rcob-

scisse ¢/d = 0,45 1is in some such position t.s thet indi-

ceted in the figure, end therefore the triengle on this
line is chosen somewhet &rbitrerily as e  fixed point
through which to pass the thcorcticel curve. Fxeminetion
of an illustration of an A. ©. projectile in Haycs' Elimants
of Ordnunce* indicetes thet it hes ¢ reduced length of cbout

culibers, end since the mncen density of such o shell

should not differ greetly from thet of emor,tgein P' - P .

Under these conditio: s, the theorcticel curve for Y °© 1
is thet represented by the lincer function

1+

(6.15) =

?(5) z

ajo
-

to within 1% over the ringe of ¢/d in question; this the-
oreticel line is thut shovn on the diaprean. The egrecnentis
es closc ts could be hoped for within e struight-lire preph;

+1938.1, p. 314.

o
[éa]
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FART III

6. Armor Ferforetion

_h - it mey be found possible to sccount for the devietions ob-
k- served in thin pletes in terms of bending, but in wny cese,
the experimentel points seem to show e leck of rcproducibi-
: lity in this region vhich could herdly bc accounted for by
[h the fretors herc teken into eccount.

In concluding this scetion, it mey be remarked thet the in-
terprctetion of the Foncelet hypothesis edopted in Tert 1
reds to & pletc prriorctior formule which is in ot lcast
feir cgroement vith the eveileble date.

¥ w %k ¥ k ¥ *x &k %
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PERFORATION
7. Penetration plus Scaboing

T++ePenetration plus Scabbing:

AP e P Y

v—rw-w“w--r-“vw- =
LR B of . o e .'l. -

r.vV v

“V

Perforation may be caused either by the penetration extend-
ing ell the way through the thickness e of the target, as
in the case considered in Sec 6 above, or by scabbing oc-
curring at some phase in the process, either at the time the
projectile hits the target or after some penetration. In
eny casc, there may be & competition between the two pro=-
cesses of penctrution and scabbing for the kinetic  encrgy
of the projcctile; assuming there is enough energy evail-
able for scebbing, which course is sctually followed mey
depend on the nature of the target meterial, and perhaps
also on the shepe of the nosc of the projectile. It  is
tecitly essumed in the litersture thet in the cesc of e mo-
teriel in vhich scebbing is known to occur, such es con-
crete, the neccssery energy will actually go into tke pro-
cess.* Certain it is thet if this essumption is mzde, the
celculeted 1imiting thickness et which perforetion will just

occur will be the largest which cem be obteined for a given .

striking veclocity, #nd recommendetions based upon such cel-

culetions will be on the sufe side. It would, therefore scem
adviseble to cssume, in the anbscnce of more definite inform-
ttion, thet scedbbing will occur if end when there is encrgy

enough availeble for it, ot least in the cas«< of friedle me-
teriels, and the remeinder of this scetion will be  buased

upon this essumption.

The problem of whether ¢ sleb of thickness e cen be broke-
en through by ¢ given projectile with e given striking ve-
locity vy cen now be solved grephicelly by e combinution
of the methods described in Sees 1 end & ebove. Let 00!,
Fig 14, rcprescnt the peth of « bomb through the sleb, «rnd
meesure velocity perpendiculcr therite. The scebbing cque-
tion for the mrtericzl involved cen then be leild of f procedd-
ing beckwrnrds from O' , ¢s in the figure; let it inter-
sect the ordinute OV ¢t the point § , as shovn. If now
the striking velocity vy of the projcctile is greater

¢E.g. dc¢ Gilorgi 1911.1, pp. 1122-1127;  Heidinger 1937.3,

pp. 270-274.
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PERFORATION
7. Penctraution plus Scabbing

thet represented by 0S , as it is at thc position lebelled
I , scobbing mey occur == ¢nd, in accordsnce with the con-
siderations outlined sbove, it is hcre to be essumed thet
in such & cas: scebbing will occur. On the other hend,if
Vo, 1is less then the scebbing vclocity represcnted by 0S,
penetretion will ensuc. Now if, as indicated in the posi-
tion'1I, the penetretion curve drewn into the target inter-
sccts the scebbing curve, scebbing will bc essumed to occur
when the bomb hes penetreted to this position; if not,as in
111, the bomb will evcntually come to rcst within the tar-
gecte The limiting position R et which the penctration
curve just touches the scebbing curve defines the upper lim-
it to thc striking velocity which the given terget thickness
cen withstead; the points below R on OV represent strik-
ing velocities which will not suffice to perforete the tar-
gete If this proccdure be repceted for verious thicknesses
00' , keeping thc position of 0' fixed ond veryving thet of
0 , the ¢ntire x-v diegrem cen be divided into ot most
three repions: the region § in which scebbing mey occur,
& sccond region P in which only purtiel penetretion cen
ensue, tnd & third region P 4+ S, in which penetretion mey
be followed by scibbing., This latter region P+ S mey,

"theoreticelly, be sbsent, for it meyv huppen thet the penc-

trotion curves ere steeper ut cech point thun the scobbing
curve £t the corresponding velue of v.. The curve R sep-
ervting the rcgion P of prrticl penetretion from §  und
P+ S, in either of vhich perforrtion mcy occur, rmry be
ct:lled the rupture lirne; only those stetes represcnted by
points lying below R oarc surely scfe.

In the cese of sectiontl pressure thecories, the situction
described cbove is prrticulerly simple, for in then Fig 16
for tny one thickness givces, ¢t the sitme time, the dicprem
for eny lesser thickness, ©s the penctrition curves for the
sceond tre clrcody represented in the diegrim, i.e. in this
cesc, the dircetion of the penetretion curve nt rny point
is indcpcendent of its position with respcet to th: fuce of
the tereet, cs it is ¢ function only of the velocity. Figld
cer then be obtiined directly from Tig 14;the rupture line
in the former is peotten from the loatter by folloving the
limiting penetretion curve from R to the point vt which
it is tungent to the scubbing curve, «nd thence  fol-
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PERFORATION
7. Fenetration plus Scebbing

lowing the scebdbing curve to 0' . The scconpenying Fig 1€
shows the simpler possibilities which mey occur, depending
on the shepe of the penctretion curve reletive to the scub-
bing curve, following the more explicit treetment of L.
Mor.tigny*. rere p end s erc the penetrction and sceb-
bing curves, respectively. <

* %X ¥ ¥ ¥ ¥ ¥ ¥ %

*1936.3, pp. 387-392.
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S CONCLUSIONS
8. Penetration

S B.e..Fenetretion in_fprth end Concrete; . 3

The foregoing review of the litereture on theories and data

on the penetration process heas served to display the vari-

ous possibilities which ere already eveilrble, et the out-

sct, to investigators new in the field. We¢ may here sum up _
tentetive conclusions concerning penetrstion in these sub- M
stences.

8a...Dependence on Weight and Size cf Bomb:

i: ' The observations on penctretion recorded ebove end in the -
Notes thereto seem to warrent the expectation that, on com-

pering the ponetraticn of bombs of siwilar shepe, it will

be found to be directly proportionel to tne sectionel pres-

sure P of the bomb. 1In testing this, it is of greet ad-

ventege to choose €s lerge & renge of ciliber s possible;

# i thus, thc obscrvetions upon which de Giorgi's empiricsal -

formuloe erc besed cxtended over & celiber renge all  the

wey from riflc bullets to <4 cm morter shells. Whether the

form of the bomb cen rdeguetely be teken into eccount by

the multiplicitive form fuctor 1/i secms more gquestion-

. O eble; thus in the Foncclet formul:, the nose form wey ef-
E ".* ) fect the veluc of the shetter strength e differcently from .
< the coefficient b of the incrticl term. It mry be found £

desireble to tost this point;if the surgestions given below
concerning the determinctior of e «cre followed, it mcy be
possible to determinc the effect en a by the mcthods there
described.

Aside frem the question of the possible effcet of form of

| ' the projectile, the conclusion so fur is thet for similer
shepes, the resistence end meximum  penctretion cen be re-
- presentecd by formulre of the type
) (8.1) R = Af(v), X = P F(vy) i

wicre A is the meximum cross-scctionel areu‘T?(d/Z)z of
the projectile, P is its sectiontl density VV@ , tnd  F
end f rcre rddeted with cich other by ¢q (1.3).
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8b...Dependence on Striking Velocity:

- —— 4

The investigctor is next confronted with the problem of de-
termining eithor the dependence  of rcsistence on velocity,
end hence of depth of penetration with the ¢id of cq (1.3),
or with that of determining this 1letter by direct observa-
tion; it should be found adventegeous to cerry both of
these methods €s fer es possible. On this question of ve=-
locity dependence, the clessicel results on penetration cre
in no such unerimity rs on th~ dependence on sectionel pres-
sure. This is wecll illustrated by F1 I ¢t the end of the
report, vhere the penetration per unit sectional density of
the bomb is plotted according to the formulae of Robins-Fu-
ler, Foncelet, Fétry and de Giorgi (for masonry), extrapola-
ted out to striking velocity of 2,700 ft/sec in the cases
in which the depcndence on velocity is expressed in analyt-

"ical form, i.e. in all except thet of de Giorgi, in which

his own extrapolation from 1,260 to 1,580 ft/sec is in-
cluded. Mere the multiplicative paremcter depending on the
material hes, in each case, been chosen so as to be in rea-
sonable agreement with the others somevhere in the  renge
800-900 ft/sec , and the second Poncelct parsmeter b/a is
thet for limcstone. It will be obscrved that the velocity
dependence of the empirical de Glorgi formule for masonry
egrees very well with the Foncelcet seni-cmpiricel  formule
for limestone over the renpe in vhich the former is given,
and thet the Robins-luler formula has a much snuller slope
than the others, which may bo interprcted to meen that it
yields e greater increcuse in penctretion per unit incrcese
of striking velocity. Now thc viork of de¢ Giorgl shows that
it is practiceble to use smell caliber arms in testing the
dcpendence of penctretion on sectional pressure; this sug-
gests thet the seme procedure may be uscd to advantuge here
in testing its dependence on striking velocity. Thus, =&
series of observetions on penctretion in concrete of rifle
or machinc-gun bullets, with a ®clocity rsnge of, suy, 500
to 2,700 ft/sac should facilitete the cheice between these
existing types of ourves =-- or, in casc nonc of them is
found adcquetc, to sct up an elternative formula. Any in-
formetion aveileble on the depth of penctration of larger
celiber guns should, of coursc, also bec cxemined with re-
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spcet to this point; if these ere found to agree with re-
spect to velocity dcpendence with thosc obteined by smoll

, . caliber work, the letter offors o quick end inexpensive
mcons of investigeting the fincr details.

It is to be observed thet, over ¢ suffiecicntly limited ve-
N locity renge, eany function of. vy of the type here involv-
& red mey, by proper choice of porameters, bc mede to  egree
with eny other, within some given degree of upproximetion--
sey, 6s in thc work of Zaleski®, with & suitable chosen lin-
cer function. But such an ad hoc procedurc, uneccompenied
by corrcletion with physicel properties of the meterinl, is
not to be rccommended, for cven though such ¢ formule might
seem to be edequiute for e given meteriel within a limited
velocity renge (es in the cese of the lincer epproximetion
mentioned on p.18 cbove to the de Giorgi masonry formule),
it could not be epplied with tny degree of confidence to
higner velocities.

8c...Dependence on Physicel Froperties of Torget Mitericls

‘_.. ' rious penetretion fomuluae, is in the correlation of the
peremeters with physicul propertics of the medium in ques-
tion. Thus, the verious formulee given for "concrete, "
: plotted in Pl II, disugree violently emong themsclves.  As
L ' ¢ crse in point, de Giorgi's velues egree feirly well vith

E - The point on vhich therc is more discgrcement wmong the vo-

Pétry's, if the letter be multiplied by the fector O.v, end
Milote rcports«* thrt the penetrctions ectuclly obscrved in
: the wells of the Verdun forts can be cccounted for by ¢ for-
; mula obteined by multiplying Pitry's by 0.35% This docs ]
not necessrrily meen thet the observetions arc frulty, but ’
it does indicute thet observetions unaccompanicd by rdeouete
corrclation with phyecicel properties rrec of much less velue
ther tncy mifght otherwisc be. The jeet tnct Bezent  CEtrie- - i
butcs o compressive strength of 2,800 lb/in2 to the con-

crcte involved in de Giorgi's observetions, end thet Milote

e

."vvvvv
1
Y CHEE.

*Sce Viescr 1934,2, p. 310.

*x1933.1, p,<od.
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considers the compressive strength of the Verdun concrete SRR
to be 5,600 1b/ing, does not in itsclf cnable one to meke o
duc smllovence for thesc frctors; cre we, for example, to B
¢ssume thet Pétry's concrete hed ¢ compressive strength of o
1,900 lb/inz? This quecstion of correletion with proper- =il
tics is obviously onc of the grestest importince, for of

0ll the fectors here under considerction, the target is

the only one which is completely under the control of the

defender,

|

Any theory of resistonce to penetr:ition must, necesserily, S
teke due copnizance of the fect thet ct leest port of the Ao
work gocs into overcoming the cohesive forces inherent in 1
the concrete end will, therefore, be concerncd with the
correletion of this "shetter strength"™ with the results of
- stenderd leboretory tcests. There scems to be ¢, perheps
neturel, tendency on the part of most writers to cessume ==
thet the compressive strength of the concretec is the most 5 Xag
relevent for this purpose, but the only one of the thceories o o
here under review in which the compressive strengith entcers
directly is thtt of Vieser -- and rcesons have been given
above for beclieving thrt this thceory is unsound. Geiler, o
on the other hend, belicves that shetter strength is unre- : —
leted to compressive strength, thot it mey be rcleted to A
, somc kind of punching strength, end thet it should, in eny '
g : cese, be some friction of the "crushing strength" -- i.c. SN
' of the work required to reduce unit volume of concrete to LY
dust.*

v

1 DA
3

On the other hend, two tttempts to solve the inverse prob-
lem hcve boen found, i.c. thet of determining compressive
“strength by metsurements on penetretion, by setting up con
enpiricel eorreletion between the twoe In the rirst of
these, reported by Be G. Skromtejewss, the volume of the
creter fomed by shooting o revalver bullct into concercte
is correleted empiricelly with the compressive strength of
the concrete; 6 deteiled cccount of sSkremtejew's results,
b together with ¢ derivetion of the shetter strength  they

*1937.2.

bl
.
)
1

**]1935.2.
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E
g
I imply on the basis of the Euler end Poncelet theories is
F given in Note 7 below. The second attempt is that of K.
t Gaedex, in which the standerd Brinell test for metels is
Fi epplied to concrete, end en empiricel correletion set wup
s between the Brinell hardness coefficient so obtained and
the compressive strength; the results are exhibited in
lote 8, together with &n enelysis of the Brinell procedure.
Skremtejew criticizes Caede's procedurc on the ground that
I such e test gives informetion orly concerning the ctrength
of the concrete within e few millimecters of the  surfece,

v} ' and thet conditions there mey not be representative of the
: C : mess. MNevertheless, it seems thet either of these methods

might bc developed into e reliable meens of testing shet-

ter strength of concrete, as both of them offer &  fairly

direct meens of mcesuring quentities relevent to the prss-

ent problem, regcrdlecss of correlution with compressive

strength. rerheps Skremtejew's method could be  employed

wvith & very small caliber bullet, or with reduced cherge,

thus reducing the demege to the structure to negligible

‘ proportiors. It wes suggested in Secs 3w end 6 ebove thet
3 E the Brinell test moy prove of velue in the problem of er-
Co. mor penctration, ena if further comparison with the dota

: . - lend support to this view, somc modificttion of the Brin-
F 'i} ell tcst might be found profitcble in the cese of concrecte.

The problem of the penctrrtion of shell or bomb fregments
should, in principle, be susceptidble to tristment clong
the lines developed ebove, but beeruse of the irrcguler
. shepes of the fregnents this problem contuins stetisticel
E : elements which mrke precise resulis more difficult of at-

teinment. It is re:soncble to ¢ ssumc, however, thet the
penetretion of such ¢ fregnent is considerebly 1less then
thet of o reguler projectile of equel weight end  striking
velocity. Results of observetions on the number, - weigant

{ distribution rrd penctration of fregments erc given in
E ......................... - - - -
S
. +1934.1.
}»
.
)
R
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A R P Hendbook Wo 5;* it is to be noted thot the weloci-
Ties therc given ringe up to 5,000 ft/sec.

Another question vhich has not becn touched vwpon so for in
this report is thet of thc effect of reinforecirg on pne-
i tretion or perforation of concrcte. It seems quite hope-
' less to attempt ¢ theorcticol solution of this problem, &nd
thercfore only ¢ brief rcport is offercd of whit the writer
has been ¢blc to gather from the litereture. The generel
consensus of opinion secns to be thet reinforcement cunnot

G et 3

: ' be counted upon to reduce penctretion into concrete;*x  the
opinion is frequently ecxpresscd thet the process tekes
- plece too suddenly to cllow the bond between the concretc

end the reinforeing to teke cffect. On the other hond, it
scems genorelly cprced thet proper reinforeing will be of
considereble importence ir preventing scebbing, or in reduc-
ing the dengers ettendant upon the scabbing or looscning by
subsequent cxplosion of lerge frogments of concreto.xxs

8d...ummerys

By .
I 4
‘t

At the prosent time, the writer is inclined definitely to
fevor & working hypothesis of the Torcolet type, tuking the
rcsistence to be the product of the meximum cross-scetionel
. erce of the bomb end ¢ fector of the form o < bve . tho
1 first term of which is ¢ meesure of thie stress required to

i overcome cohcsion end the seccond of the incrtial resistunce
, of thc resulting detritus. Certein it is thot these two

elements wre present, cnd the first question to be cnswered
is whether they elone will suffice to give en wdequste de-
scription of the penetrition process.

* X ¥ ¥ X ¥ ¥ ¥ ¥

»1939,.1.
*vDrzunt 1937.1, p. loo; Heldinger 1937.3, p. 269,

v#»Sce Montigry 1936.3, pp. £407-408; Civil Protcction 1939.C,
Pp. 144-145; A R P Hendbook Yo 5, 1939.1, p. 19.
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NOTES
1. ROBINS-EI'LER-
PERES FORMULA
TABLE I
'VALUES FOR & TAKEN FPOM THE
LITERATURE AND REDUCED TO 1b/in®
Robins-Ruler formula (2.7) p.8
x = P voz
Zr;g
MATERIAL A SOURCE
Class Description |
EARTH Loosely heeped 700 1
- - - : ‘ 1’ 900 2
--- 2,100 3
Averege compect 8-3,200 1
WOOD Elm (lcad ball) 22,000 2
CONCRETE S 11-17,000 3
Poor or green 14,000 4
PXCERLIGHBL Yyuniily 1,000 o
Reinforced 21-32,000 3
Ordinary nasonry (1:8-1:1C) 28,000 5
2800 1b/sq in compression 29,000 6
5w - 31,000 4
--- 32,000 7
4.5 to 5.4 sacks/cu ydxs 43,000 5
Reinforced 35-50,000 4
- WROUGHT IRON - - - 140,000 8
3

STEEL - - 210, 000

l...Handbook No § 1939.1 (p.lv) o...Reduccd from Skramtejew's

2...buler 1745.1 date (See also Note 7
3...Fercs 1932.1 (p.25) TeeoVieser 1934.2 (p.311)(rc-
4...Mcidinger 193v.¢ (p.457) duced from Zolcsky's date)

$...deidinger 1937.3 (p.209) Be...de Giorpi 1912.1 (p.2v)
Cld Krupp Works' fornulc

*This veluc reduced from de Giorgi's table.
sxxcduccd from the origincl source value of 250-300 kg/m3
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NOTES
2. PONCELET FORMULA
TABLE II
VALUES FOR &, b,  and b/a
TAKEN FROM DIDION 184t.1 (pp. 241-44)
IN METRIC UNITS*

Poncelet formula (2.10) p.ll

x = Pllrl(l-{--t-’vo2 )xs
. a

RS
HATERIAL ) b b/a
Cless Description kg/em® kg-sec?  sec?
ne-cn? Qi.-
10-3x 10-bx
EARTH
Sand-greavel 43.5 8.7 200
Earth-sand-gravel 60. 12.0 200
Cley-send-gravel 104.5 37 35
Gressy carthwork 70. 4.2 00
Send-cley carthwork 46.1 2.8 o0
Clay soil 34.5 2.8 80
Damp clay 26.6 2.1 80
Wet cleay 9.17 0.7% 80
Earthwork 30.4 0.0l 20
Wet carthwork 26.5 0.53 20
MASONRY .
Good stoncwork 552. 8.3 15
Medium stonework 440, 0.6 15
Brickwork 3lo. 4.7 15
Linestonc (Metz) 1200. 18.0 15
WOODS
Oek, Bcech, Yornbeem, Ash 208.5 4,2 20
Elm 160. 3.2 20
Fir, Birch 116. 2.3 20
Poplar 109. 2.2 20

*For British units, see Table II-p
*+In the formule the veluc of the form fector i 4s dimcnsionless.
Same velues heve been suppliod, -
For bull 1 Didion 1848.1, p.234
3/2 lMeycwski; v. Wuich 1833.1
For long shell 2/3 v. 'mich 1893.1; Crunz 1525.1
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o, NOTES
S 2. PONCELET FURMULA
2 TABLE II-A
n VALUES FOR &, b, end _lz.z;_
[ TAKEN FROM DIDION 1848.1 (pp. 241-244
" IN BKITISH UNITS=
:_' Poncelct formula (2.10) p.ll
., : X = L _In(14 LI T
cghbi a
MATERIAL . b b/e
h Class Description lb/i.n2 1b-scc? secé
! ' ' £2-in2 £t2
: 10-3x 107°x
= EARTH
[ Sand-gravel 620 11.5 18.6 _
. Eerth-send-gravel 850 15.8 18.6 e
o ° Cley-sand-gravel 1490 4.8 3.2 e
Gressy eerthwork 1000 5.6 8.6 R
48 - Srnd-clay eertnvork 655 3.7 5.6 e
: : Cley soil 490 3.6 7.4 o]
E ‘;, ' Demp! ¢ley 378 2.8 7.4 . 4
i & et cley 130 0.97 7.4
" Eurthwork 432 0.80 1.86 h
Wet ecrthwork 377 0.70 1.86
h | _ MASONRY L0
Good stoncwork 7850 10.9 1.39 .t
Mediur stoncwork 6250 8.7 1.39 -]
. Brickwork 4490 0.2 1.39
Limestone (Metz) 17100 23.8 1.39
WwOODS
Ock, Beech, Hornbeam, Ash 2960 5.5 1.86 -
Elm 2280 4.2 1.86
Fir, Birch 1550 3.1 1.86
Foplar 1650 2.9 1.86 E
sFor metric units, see Teble II
es]n thc formmulc the veluce of the form fector 1 43 dimensionless.
Some velucs hcve been supplicd: -
For bell 1 Didion 1b4H.1, p.234
. 3/2  Mcyewski; v. wich 1893.1 ~ ===
For long shell 2/3 v. Wich 1893.1; Cronz 1025.1 ]
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1 ' NOTES
4 \ ,

} E 3. FONCELET COEFFICIENT, b
3 [

E S 3...Comparison of Foncelet Coefficient b with Density (p.14):

- Lo In order to examine the hypothesis

Gl

- t ( . t Y ]

. . 2.12) b . ¥ oa

II { }g g H f’

that the Foncelet coefficient b 1is a measure of the iner-

tial resistance offered by the target meteriel, the Fiobert-
~ ST Yorin-Didion velues of b were compared with values of the
i specific weights w' of the media. Table III below gives
» , b (ir gn-sec2/m-cnd) from liote 2, velues of w' (in gm/cm3d)
F { from various sources, snd the velues of the dirensionless
[ coefficient Y computed from (2.12), vhere g = 9.813y%ec€
The velues of w' found in the litereture show a very con-
‘ sidereble spread (e.g. "Dry clay" is given in Marks' Hend-
B . book as w' & 1, "Clay" in the Smithsonien Tables &as

# 1.86-2.61); no very greet eccuracy cun, therefore, be ex-
. : pected ir the resulting velues of 3 . The values of w

for earths and mesonry are teken nairly from lerks' lechan-
: i ical IMngincers' Hendbook, eand in case a renge of values is
{ = there given the meen hes been chosen; those for woods ere
the mean of velues feund in Merks (if), Smithsonian Fhysicel
Tebles (S), the International Criticel Tables (i), arnd Esh-
bach's -iandbook of inpincerine Yundamentals (%). lt is
! : hoped that the velues of w' actually used by the Metz
' Committee may later bec eveileble for oomparison.

"R
' 4
o
“N
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NOTES

- 3+ POMNCELET COEFFICIENT, b

TABLE III

VALUES FOR b, w',

AND Y AS REFERRED TO

ON PAGE 59, NOTE 3, AND TAKEN FROM VARIOUS

of cluy seems well
known
O...Lightly packed

SOURCES
VFATERIAL b w! Y
4] seel e
. m on cm®
EARTH
. Sand-gravel 0.087 l.0-1.9 1.1-0.9
Farth-sand-grevel 0,120 l.6-1.9 1.5-1.3
& | Clay-sand-gravel 0.037 l.o-1.9 0.5-0.4
; Grassy earthwork 0.042 l.6 8 0.5
- Sand‘CIay 0-028 104 0.4
. Clay soil 0.028 1.4 0.4
'ra,, ) Damp clay 0.021 1.8° 0.2
L TR e 2895 325 E P
‘ Earthwork 0.006 l1.0¢ 0.1
' Vet earthwork 0.005 l.0¢ 0.1
MASONRY
Good stonewcrk 0.083 2.6 d 0.6
Kedium stonework 0.066 2.4 ° 0.55
Brickwork 0.047 1.9 0.5
Limestone 0.180 2.5 T 1.4
WO0DSs
Oek,Beech, Ash 0.04z2 0.66 1.3
Elm 0.032 0.60 1.0
Fir, Birch 0.023 0.5C 0.9
Poplﬁr 000"2 V.39 101
Qoo aP&Cked deo oAShlar
b...Anomalous behevior e...Rubble

f...Mcan of velues from
Yarks, Smithsonian
and [nternetional
Criticsl Tables
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NOTES

‘ _ " 4. FETRY FORMULA

TABLE IV

VALUES FOR FARAMETER K REDUCED FROM
FETRY 1910.1 pp. 63-65

Petry fomula (2.13') p. 15

. 2 i
Yo
xy = KPlo (2 o— —
1 £10 G 515000 )
MATERIAL Kz -
ft-in%/1b ‘
Class Description
EARTH i
. Sendy soil 5.29 8
R Soil (vegetetion) 6.95 : i
- Cley soil 10.0
5k MASONRY
"*‘.(' : Good brickwork 2.95 L=
L Cond stonewnrk 1,80 -
[}
STONE
Limestone 0.7751
’ CONCRETE, 1.15 \
. 0.408 &
0.6863
1 1...From Handbook No §, 1939.1, p. 15.
A 2...Klectke, fron Milote, 1933.1.
b . : 3...Attributed to Bazent by Mendbook No 5, 1939.1, p. 15, -
i but the writer curnot fina it there. However, Bazant
{ uses de Giorgi's results, end it is true that with

E the ebove value of the coefficient the Pétry formula
gives values in pood egreement with de Glorgi's.
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TABLE V

VALUES OF k TAREN FROM FOBILE DE
GIORGI, 1911.T, pp. 1112, 1113, 1122, 1123

de Giorgi formula (2.15) p.l17

x * Pk F(vo)»

NOTES

6. DE GIORGI

i
MATERIAL k
lass Description (dimensionless)
EARTH®

Coarse, broken stone, compact 0.3

b b ", loose 0.45

Gravel 0.5

Coerse, clcan sand 0.6
Farthe-grevel 0.8

Compact or remmed certh 0.8

Cley soil, or dry compuct loem 0.8

Settled esrthwork 0.9

Dry, fine send 0.9

Dry. loose locm 0.9

b, Meecie $ie¥d ool 1,0

Loose, dry ecrth 1.4

Demp or wet efrth 1.6-1.6
Stretum of herd coel 1.14

" MASOMRY®

Gorod brickwork 1.0
Well-cured concrute 0.4

*The fom frctor 1 1s given by de Giorgl es follows;

earth (p.1TI3)
artillery shells with nosc fuze 1.
rifle, type 88 1.8
shrepnel shell 1.

mesonry (p.1123)

~ A.D. or scmi- A.P. shell 1.
ordinnry shell lerge fuze 1.

" O

[~ N/ )

teeoFrom p.1112. Velues of Fe(vy) reduced from de Glorgi's
teble to stenderd British units cppeer in Tedle V-4
b...From p.1122. Velues of Fp(ve) reduced from de Giorgi's
teble to stendurd British units oppeer in Teble V-B

D ihencin. Bt B B i
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TABLE V-4

VALUES OF Fg(v,) FOR FARTHVORK REDUCED FROM
DE GIORGI'S T:iBLE p. 1112 TO STANDARD BRITISH
UFITS (ft-in2/1b) AND INTEP*OLATED FOR v,

Notc:

the velues of F,
1350 ft/sec ere obtrined from velues

leted by de Giorgi.

Yo

300
-350
400
450
500
550
00
650
700
750

800
e10)

ann
IV

oy
(4]

e e s @
03 D= QU@L

CY M B B I~ OCO
=~ DO MDD OO

Yo

950
1000
1050
1100
1150
1200
1250
1300
1350
1400
1450
1500

reen
P LAY

5.40
5.50
5.71
5.85
5.90
.12
v.24
.35
6.48
6.58
6.70
0.80

AN
Lea

for v,

(in ft/sec) FOR INTERVALS O} 50 ft/sec

greater then
cxtrepo-
Yo Fe
1600 7.02
1650 7.12
1700 7.22
17580 7.32
1800 7.43
1850 7.54
1900 T.04
1950 7.75
2000 7.86
2050 7.96
2100 8.07
2180 8.18

N aANA
b b\ NS

NOTES

5. DE GIORGI

The extremc renge of penetretion ebout tha ncen, given
is estimetcd by de Giorgi, p.1l113,

by the formule,

bes

for velocities up to 660 ft/sec
from 660-980 ft/scc

”

- 45%, + 65%,
- 30%, + 40%,
980-1300 ft/sec - 25%,

+ 305,

to




Yo

4 100
150
200
250
300
350
400
450
500
560

Aama

,ﬁﬁvvr

0.07
0.12
0.17
0.22
0023
0.34
0.40
0.47
0.54
0.62

TABLE V-B

600
650
700
750
300
a50
900
850
1000
1050

AND

VALUES OF F,(v,) FOR MASONRY REDUCED FROM
DE GIORGI'S TABLE p.1122 TO STANDARD BRITISH
UNITS (ft-in%/1b)

INTFRFOLATED FOR v,

0.70
0.73
0.80
0.94
1.03
1.12
1.20
1.30
1.39
1.47

1100
1150
1200
1250
1300
1350
1400
1450
1500
15560

(in ft/sec) FOR INTFRVALS OF 50 ft/sec

Note; The values of Fp for v, <500 ft/sec
end for v, >1300 ft/sec are cbtained
values extrapolated by de Giorgi.

from

1.56

1.65

1.75
1.85
1.94
2.04
.14
2.23
2.33
2.43

NOTES

5. DE GIORGI
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:*f KOTES
%
t::" i Sa. SCABBING
n 5a..._§cabbing. De Giorpi:s

4 De Giorgi's values of Kg , p. 1123, reduced to stendsrd

unit [I‘t-secz/lbj are as follows:
good brickwork Kg = 7.4 * 1077,

well-cured concrete Kg = 3.0 = 1077,

Velues ~f K, (end K recommended by Heidinger 1937.3,

¢ . p. 267) reduced to the standard unit ftl<sec/lb ere as
i followss )
F 5 ) high quelity concretee Kp = 1.7 x 10'4, Kg = 2.2 x 10”7

; - reinforced concrete Kp = 1.0 % 1074, Kg = 1.5 x 107,

¥o vealues heve been computed or observed directly for ¥, in

5 . the formula eq (5.7) set up in the report, for date on
Pt g stress-strain relation from vhich to compute U, eq (5.3),
/] ‘.t 1S LOL BVElLBOLE LO Lhu wrilele DUV Lie vELUE )
. ¥r = 9 x1078 sccz/lb

i . ~ gives & meximum scabbirg thicimess, ecq (5.7) ,which errces
| with d~ Giorgi's for W =z 250 1b, v z 700 ft/sec.
4
e »250-300 kg ccment per m®  concrcte, i.e€. 4.5-5.4 secks ce-
' ment per yds.

!
i
b
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NOTES ¢

6. DEPTH EFFECTS

6.+ Fenetretion end Perfuretion by Zonical-Nosed Bullet (p.25):

In order to illustrete the depth effects discussed in Seces 3o
end 6, the resistonce and velocity curves for the purely fic-
tionel crse of & conical-nosed bullet piercing & rcletively
thick ermor plote have been computeds The results of this
computetiorn ere given on the eccompenying Plete III, in which

A1 The curve merked “Aree" shows thc rise of thc erca of im-
pression 4 = A(x,¢) from O et impret to its maximum val-
ue, end its subsequent drop to 0, in eccorasnce with the e~
quction

(o.i) A(x,e) = A(x) - A(x-¢€) ..

R: The resistence is shown on the hypothesis  (6.2) - (6.5),
with teken &8 one, whence

(6.5Y) R(x,v) = A(x,e) l—a + 3 F‘vz] J .

Lol I S S E o oo 3 =t aa.d - k.
Vv 4i1¢ VEaOCavy Cuive, dadielig waf GQLIrte

ing velocity v, to its residuel vulue efter perforetion, is
computed from ;

C e w Onawm rdkwils,,
-a T Al Wik e wa ean

' 2
(6.6') min i3 e MO n'(x) .
1 + oK ve

The first two curves show rt the stme time the cherecteristic
differcnces bctween the resistance on thce Euler  essumption
f(v) = g+, const., tnd the Poncelet ossumption (2.8) ,for the
unit of trece on thc Plete hes been so chosen thet the totsal
aree under the curve A 1is cquel to that under the  Foncelet
resistence curve R ; the curve A , thereforrs, shows &t the
stme time the Euler resistance in proper scele, i.€. th: re-

tb
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ROTES

t. DEPTH EFFECTS

sistence waich would be enccuntrred by ¢ projectile losing —
the same emount of cncrgy in perforating the plete as under
the Foncclet assumption. Thr nost charecteristic feature
is the displecement, to be expected, of the meximum resist-
ance to & :ower velue of x , snd & corresponding shifting
of the entire curve in the direction of lower pcnetretion s
depths. -

the curves werc corputed with the assumed velues:

Projectiles Culiber d = 0.3 in,
conicel height ©d - 24, =
over-s11 length 2Qd = 44, . e

- specific weight w = 0,30 1b/in%, -

striking veclocity Vo = 2700 ft/scc.

Target: Thickness = 0.9 in, L
spceific weight w' = 0.25 1b/ind, 4
roncelet coefficicnt & = 2 x 105 1b/in%, AR

The cnergy loss is 2.22 = 104 in-1b, end the velue of the

corresponding Euler coefficient computed therefrom Is
oz 248 « 108 An/inZ

. ~ apaies ARG ot Ans e ” r
stress & =z & = 10° ib/in®; ihe efficiency n, eq {(3.5) of
the process is thercfore 0.88.

, ©° ’.".‘.’T?I‘"‘"'"‘ m{fh +he Franrels t =5

o O —— .
A [Py S N TN S
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” . 7o SKRAMTAJEW

TeeoSkremte jew's Fenctration Test (p. 63):

As menticned in Sece 8, B. G. Skremtojew 1935.2  correletes
thc volume V of the crater produced in concrete by e re-
volver bullet with the cempressive strongtn of the concrcte;
his recsults ere given in the first two columns of Teble VI
below. 1In ordecr to conncet thesc results with the present
investigetion, the corresponding velucs of the Euler cocf-
ficicnt hove been computed:

(3.7) = Eo/V

' end .the Poncelct cocfficient
j (3.8') a o« N1 g [1 T kvl 5
E 2gV o J

where the Metz value & = b/a = 15 » 1076 scc2/m?  hes
bcen edopted; the velucs of end e thus comprutcd erc
given in the last two columns of Teble VI. The bullet
uscd by Skremtejew wes e nickelled bell weighing 7 gm end

havine a velnrityr af 278 nl/enn nt r Aictunca af  He.o

TABLE VI
COMPARATIVE VALUES OF G (SKRAMTAJEW)

FL(EULER) AND 8 (FONCELET) FOR
VARIOUS VALUES OF V

vV G ’*‘ 8

em® kg/cm2 kg/cmé kg/cm?
18 50 180 120
5 80 540 360
2.5 130 1060 720
1ed 200 2060 1390=

-'Note thet the Poncelet e for limestone is 1200 kg/cmz.
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NOTES

7. SKRAMTAJEW

This correletion hes been extrapolated by Bazont 1937.1,
pe 172, to higher compressive strengths.

In Skramtejew's test, the retio n = o/ of the work re-
gquired to push the projectile to that ectuelly expended
turns out to be 2/3. It should be noticed that this retio
decrecses quitc yapidly with striking velocity, for on the
Poncelet hypothesis n , eq (3.5') for limestone, et strik
. : ing velocity twice thet employed by Skremtejew, would drop
F ¢ to 0.38, cnd to 0.24 if it were three times as  fast.
Another wey of looking et =n , ip coses vhere nose end
. creter cffects ere negligicle, 1is obtrined by noting that
'E it is, rx the sume time, the retlio of the actuel  penetre-
tion to the penetrotior which the projectile would  ettein
if thc resistance were the scme throughcut as thet encoun-
tered et low velocities
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8...Caede's Application of the Brinell Test: S

NOTES

8. Gaede g

As the result of extensive tests made at the Technische 5
Hochschule in Hannover, K. Gaede, 1934.1, proposed amscthod
of neasuring the compressive strength of concrete in con- o]
pleted structures based upon the Brinell hardness test., In 2
the laboratory tests, the standerd 10 mm Brinell ball (or,

for week concrete, & steel ball 20.6 ma diamcter) was
pressed into the surface of the concrete, and the dieneter
of the impression measursd; the ratio of the latter to the
diameter of the ball was then found to have the correlatim \
with the measurcd compressive strongth of the concrete o
showvn in Fig 17, It is not possible, &s in the case of =
Skramtajew'!s test, to obtein thc corresponding P oncelet
shatter strength a , for Gaede does not give the megni-
tude of the force used to press the ball into the concrete.

o

Whatever the value of this method mey be in determining the o
conpressive strength, it does give a direct measure of the 2 Sin
“shatter ctrength" as us2d in this report, for the Brimell e
coefficient may be thought of as o measure of the pressure

required to cause penetration at negligidle velocities. In -
the standard Brineil procedure (ef Fnvee 1072C 2

S ewe—y Mo :L:Jdl a e
eb221 LL11 loma an dinmeter 15 prussed into the surface .
cf the metal under a load of 3000 kg for & period of 30 soce P,
onds; tho Brinell hardness coefficient H is then defincad
as the ratio of the load in kg +to the arca of the impres- T
sion in mm2 , Dut this mey be taxen as o neasure of the L g
pressurs at this stage of penetration of the ball into the .o
metal--leaving aside for tho time being questions concern-

ing the actual distribution of forcc over the face of the !
impression. % o

R : &

a Ll
R T o)
I G Y PRV
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EXPLANATIONS

Plate I

Plato I.- Velocity Devendence of Various Formulao:
(Adjusted Paramuter Valucs)

The plate illustrates tho theoretical penetration depth in
concreto for different striking velocities. camputed from
. . the principal sectionul pressure theorics by a&djusting
4 the strength parameters to force an agrocmont  around

Vo = 900 ft/sec. Values adopted in plot are

1

Buler: ¢« ¢« o+ ¢ ¢ ¢ ¢ o ¢ o o o 30.000 lb/inz ’

®

Dlo'-sl -
"

14 2076 8067
Poncelet: Limestone « o o o o ¢ £42

a = 20,120 1b/in?

NG AR
3 . & - o

60 ft-in®/1b

Pe’try:............K

1

.

s

E ‘; Aa Ninred ft_w\ncnwmv): ..... v S .34
i / - Al - . .

In comparing these penetration formulae, adjusted to fit a-
round v, = 900 ft/sec as above, the following table of con-
version factors will be found useful:

TABLE VII

BEuler Foncelet Pétry | de Giorgi
Multiply ——s v a 1/ (masorry)

2 1b/in? —in? s
- 1b/in 4 1b/ft-in 1/k i

to get 7\ ._ |

rTﬂ > . . ) g

Buler T8 L 1,49 |1,80x10% | 1,02 x10%

Poncelet | a || 0.671 1.52 %1072 | 9,58 x10™3 -

.T---r-r'r
b :
[

A il

—_ e -

Petry 1 || 5457 2070 65.9 1 0,559

de G. (m) | 1/k 9,93 x 102 104.4 1,79 1

- g

wfrfu.

“l'he Foncelet values refer to limestonse. 1
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% : © EXPLANATIONS

L . . Plates II, 111,

H ' Plate II. Comrarison of Various Formulae:
P (Original Faremeter Value)

The Plate gives the pcnetration depth per unit sectional

:? pressure predicted by the various formulae, using accepted
i . values of the strength raramcters,
1 %1

* 2
Buler-=Peres: e ¢ o ¢ o ¢ ¢ 0 ¢ o o o r‘." 17,000 lb/inz 9

o

' 2
. == -6 see
. . Poncelet: Limestone « o« « o o« o o o o 87 1,410 T2 !

a = 17,100 1b/in®

1 } Pe/try:oooooo.ooooooooK'.'-'lolsft'inz/lb’

? de Giorgi (masonry): e« o066 0060 k= 0.4
3l
Y Plate III. Perforation of Thick Plate by Bullot: —
‘ » r
& See Note 6 for description.
{
h - em e M @ @ . - - - e @ TS W @ S M @ @ M @ M @ @ @ @ & E W - 3

| *ARP Handbook No. 5 (p. 16) recamnends p- = 1,200 l':g/c:'.rn2
1 for "all except poor quality concrete." Also, it should be ;
| noted that, because of its morc direct physicel signifi-

{ cance, the reciprocal of the parameter jA~- introduced by
Peres and used by !'andboolt No. 5 has been used throughout,
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EXPLANATICNS
Plate IV

Plate IV, FPenetration of Projectiles and Baibs in Earth:

The deta on seven penetratione in earth recorded at the Ab-
erdeen Proving Ground, are plotted together with theoreti -
cal curves whose strength parsmeters have been chosen to
give reasonable fit. The data used in preparing this plot
are given in Table VIII.

TAELE VIII WEIGHT (W) , STRIKING VELOCITY (v

SECTIONAL PRESSURE (P) , PENETRATION
DEPTH (xl) , ALONG PATH: RECORDED AT
ABERDEEN “PROVING GROUND AND USED IN
PLOTTING PLATE IV. :
w ?o P Il
1 tt, 2 |1p/in | ™
BQMBS
mo enn ces | = an o2
235 100 502 | 1499 | 55
PROJECTILES
3" AA 142 12.7 800 | 1.80 | si7
75 mn Mk I 12.2 530 | 1.79 | 3.9
75 rm 148 15 90 | 2.20 | 5.5
105 m 138 Al 32,8 900 | 2.45 | 8.6
155 m T2 95 1075 | 3.24 | 1241
8" X% T 200 1000 | 3.98 | 17.1
73
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ELFLAFATIONS

Plate IV
) 1% *
TABLE IX VALUZ OF STRENGTH FARALETER ADOFTED,
. AVERAGE DEVIATION FROM }EAN, MAXTLIRG
3 DEVIATION FRGI MEAN, AND STRENGTH
b PARAMETERS FRGE LITERATURE, AS USED
: IN PLOTTIWNG FLATE IV,
i.
P Av, Max, Literature
3 Formule Farameter Dev, Dev, Value
: Duler . = 3220 1b/1n® 34%  60%  2800-3200
. cf Note 1
-1/K = 0,190 1b/ft-in? , |
P 44 K = 5,29
Y (K =z s.27 £t-1n%/1b) of Note 4
P ‘ de Giorgl 1k =139 24 516 X = 0,80
_ (k =0,72) cf Note 5
)y ' Zaleski 1/9 = 258 1b/in®-sec  13% 41%  not vlotted.
- struisht lins
F ‘ ‘ passing through
; ' origin
‘ Values for Vieser's theory have also been camputed, but the
' strength paraveter falls at the extreme ainimum of the range
given by Vieser; the 600 1lb bamb cennot be fitted with cthers. .
.............................. ,‘
)
} - 1
F 1
' *Teken as thé conputed mean of the parameter value for eight
ponetrations, 1
L
ﬁ < * % % %X %X ¥ ¥ % *
b d A
| I
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GLOSSARY

GLOSSARY OF SYMBOLS USED
Following is a 1list of symbols used in the report, togetler
with
84..Verbal definition of each syxbol,
beosPhysical units in system adopted
as standard for report, for cor-
responding Continental units re-
place in by cm, ft by m, 1b by kg,

CesoReference to page where in.roduced.

8..00000e5hatter strength in Poncelet theory; lb/inz; 1l.

Desessocoinertial cpefficient in Ponecelet theory;
lb-sec2/in%-rt2; 11,

d...,,...caliber of projectile or bamb ; in; 6 .

d(x)eeeesdimaeter of prejectile at distance x fram mnose;
in; 22.

~ dbd -~ o~
VISP 000 SRS VMALVALITOSD WV

L

f(v)veeeovelocity-dependent resistunce factor; lb/inz; e

fo....fa.limit of f(v) for vanishing velocity; lb/inz; 23,

5 /
£,1v5)esPetry penotrotion function ; dimensionless; 15,

Eﬁ.......penetr&tion coefficient in 1liuiting velocity ;
dimensionless; 42,

8esssececBeceleration due to gravity; 32.2 ft/secz HE B

Beesesessogival height of projectile; f£t; 22,
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~Atseeooitine intervel in scabbing process; sec; 35.

GLOSSARY

1.....;..fom factor; dimensionless; 6.

Kpeeeeesovelocity coefficient in Levi-Civita A'; sec/ft;
16,

Keessoeeommaterial coefficient in de Giorgi formula; di~
nensionless; 17.

Keeoosssscocfficient in Thompson formule; lb%/in; 43,
%.......mximm penetration measured along path; f£t; 29,
Reeessseomss of projectile; lb-secz/ft; 40,

M'seeeesmass of target meterial displaced; lb-secz/ft ;
4], :

Nieeesssecfficicney of penctration process; dimension -
less; 23,

S8sseesscedistance of nose fram rear face of torget; £t ;
3B

sl.......height of maximm scab; f£t; 36,
tesesecectime; sec; 3.

tieeeceestine to reach maximun depth; sec; 12,

Veesesseovelocity of projectile; f£t/sec; 3.

Vgeeoeeeestriking velocity; ft/sec; 4.

V'.eesssovelocity impartcd to detritus; ft/sce; 14,

v

pe** e eonommal camponent of striking velocity; ft/sec;

30,

Vaeessssovelocity of projectile after scabbing; ft/soc;
33

W', eeeeseowWelizht per unit voluas of target material;
1b/2t-in2 ; 14,

I........penotmtion depth; ft; Se
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Xjeeesssemnximm penetration depth; ft; 4.

A Xeeoosedistance projectile moves during scabbing; It ;
33

Acesssesomaximm cross-sectional area of projectile; in2;6.

A'svesrsseffective eree on Levi-Civite hypothesis; 1n® .
16,

A{x)essse8Tea cross-section at distance x from mnose ;
in? , 22,

A(x,e)e...amplitude of impression for target slab; in® 5
39, .

Eeesossoskinetic energy of projectile; f£t-1b; 8.

Egs - eesestriking energy of projectile; ft-1b ; 26 ,

S
L]

F(V)e..ooauxiliary penetration function; ft-in2/1b;

Foeeeensode Glorgl F for earth; ft-in’/1b ; 18,

Fh.......de Giorgi T for masonry; rt-luz/lb ; 10
Fiseresesnomalized Thompson penetration coefficlent ;

dimensionless; 43,

- G{x)esesevelocity of projectile at depth x ; ft/sec ;

Se
HeoosoeeoBrinell hardness coefficient; (kg/em®); 24,

Ké.......g:'Giorgi scabbing coefficient; tt-secz/lb;
[ ]

Kh.......Heidinger scabbing coefficient; ftz-sec/lb;
35,

Kr.......scabbing coefficient proposed in report;
secz/lb; 36,

Peessesessectional pressure; lb/'in2 i 6o

R(x,v)...resistance encourtered by projectile; 1b; 3,
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Seeessescforee in rupture process; 1b; 33.

T, ..ese.5ectional energy in de Brettes' formle ;
(m-tonnes/cm<); 43.

Useoesseescabbing energy per unit area; 1b/ft; 33 .,

V(x)eeoo.volume of impression at depth x ; ft-in2 3
22,

V(x,e)«sovolume of impression in target slab; i‘t-inz;
39, '

We:eoeesoweight of projectile or bamb; 1lb; 3,

OL seseee= 8/b, goefficieat of v% in Poncelet formule;
secz/ft ’ 41,

p cesessnzle of conical crater; dimensionless; 28,

X......drag factor in Poncelet theory; dimensionless;
14,

€ eeosoe= 2:718see , Dbasis of natural logaritims; di-
nansionless; 11,

Q eesssscoefficient in Zalesky penetration formula;
in2-sec/1b; 18.

® ¢oessoangle of impact; dimensionless; 29,

© «eescetngle at which projectile ricochets; dimension-
r less; 29.

Ko oeeeecoetficient in Pétry formule; ft-in2/1b; 15,

K.oeeeescoefficlent 1 modified Pétry formula; ft-in2/1b;

A eeeesereduced length in calibers of projectile; di-
mensionless; 42.
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Proeees .shatter strength on Euler theory; lb/in2 s e

<] sesssebXponent of cos © in oblique impact; dimen-
sionless; 30,

BT sevees® Bel416eees

(: esesecmean density (xgass) of projectile;
1b-secl/ft2-1n< ; 41,

P'......(mass) densicy of target; lb-secz/ftz-inz ; 41,
G e e 0o ocOmpPTESSiVE strength; lb/i‘t2 i 26

O +eeeorrincipal stress along x-axis; J.b/i“c2 1 26
7" eeeseestress in sceabbing process; lb/ftz ;33
@x) osodepth-dependent resistance factor; in® ; 3.

7% eescasSlope of plate perforation coefficient; dimension-
less; 42,

D sesceslAtErial COEIT1ICieNV 1D V1E56r 10ULWULE; Glucuodva~
less; 27.

@u, ese8Uxiliary peretration function; ft-122 HEE
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